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INTRODUCTION 


The Electron Stopwatch 
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COVER 


Anarray of multilayer mirrors compresses 
ultrabroadband laser pulses (orange beam) 
to 1.5 wave cycles. The attosecond xray 
pulses produced with them allow the control 
and real-time observation of atomic-scale 
electron motion. See the special section 
on attosecond spectroscopy beginning on 
page 765. 
Photo: Thorsten Naeser for Max Planck 
Institute for Quantum Optics/Laboratory 
{for Attosecond and High-Field Physics 
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PH, Bucksbaum 


Attosecond Control and Measurement: Lightwave Electronics 
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H, Kapteyn, O. Cohen, l. Christov, M, Murnane 
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SCIENCE EXPRESS 


EcoLOGY 
Land-Use Allocation Protects the Peruvian Amazon 

PJ. Oliveira etal. 

Fine-scale satelite monitoring of deforestation and logging in Peruvian rainforest 
suggests that land-use and conservation policies are effective in reducing forest losses, 


NEUROSCIENCE 
BREVIA: Leptin Regulates Striatal Regions and Human Eating Behavior 
1S, Farooqi, E. Bullmore, J. Keogh, . Gillard, S. O'Rahilly, PC. Fletcher 
[Abrain-imaging study of mo leptin-deticient individuals suggests that this 
appetite-suppressing hormone acts to diminish the perception of food's 
rewarding properties. 

10.1126/science.1144599 


GENETICS 
‘Common Sequence Variants in the LOXLI Gene Confer Susceptibility to 
Exfotiation Glaucoma 

G. Thorleifsson etal. 

/Agenome-wide study reveals that a syndrome that i found in 10 to 20 percent 
ofthe worl’s population over 60 and leads toa form of glaucoma is associated 
with variation ina gene that modifies elastin fibers 

>> News story. 735 


10.1126iscience.1146554 
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D. Noble, reviewed by E. Werner 
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J.P Rodriguez et al, 
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Shining Light on Depression 
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L. Kruglyak and D. L. Stern 
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D.E. Koshland Jr. 
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M. Blencowe 
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‘STRUCTURAL BIOLOGY 

LeuT-Desipramine Structure Reveals How Antidepressants Block 

Neurotransmitter Reuptake 

2. Zhou etal. 

The structure of an antidepressant drug bound to a bacterial transporter reveals how 

‘these drugs may work on neurotransmitter transporters in humans. 
10.1126/science,1147614 


CLIMATE CHANGE 

20th-Century Industrial Black Carbon Emissions Altered 

Arctic Climate Forcing 

JR. McConnell et al 

‘Greenland ice core shows that black carbon particles have altered srw rellectivity and 

Arctic climate and were particularly abundant inthe atmosphere from 1850 to 1950. 
10.1126\science.1144856 


PERSPECTIVE: “ 
RB.Alley 


“ing Arctic Climate with Black ice 


10.1126/science,1147470 


BREVIA 


Rapid Population Growth of a Critically Endangered 
Carnivore 

M. B. Grenier, D. B. McDonald, S. W. Buskirk 
Blacktooted ferrets released in Wyoming in 1997 now number 
more than 200, thanks to high intial survival and fertility, 
factors that may be hey to recovery of endangered species. 


REPORTS 

APPLIED PHYSICS 

‘Multifunctional Nanomechanical Systems via 
Tunably Coupled Piezoelectric Actuation 

S.C Masmanidis etal. 

‘An applied voltage alters the charge distribution ina semiconductor, 
allowing fora tunable and highly sensitive delormation response 
at nanometer scale. 
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CHE 
Label-Free, Single-Molecule Detection with 783 
Optical Microcavities 

A.M. Armani etal. 

Shifts inthe resonance frequency of a microcavity sensor 
functionalized with receptor molecules can detect the binding 

‘ot a single molecule. 


MISTRY 
Ultrafast Flash Thermal Conductance of 78; 
Molecular Chains 

‘An ltalast thermal conductance apparatus shows that heat is 
transported down Lng-chainbycrocarbon molecules basically 
at upto 1 Klometr pe second 
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CHEMISTRY 
Direct Synthesis of Amides from Alcohols and Amines 790 
with Liberation of H. 

 Gunanathan, Y. Ben-David, D. Milstein 

Aruthenium catalyst enables eficient aide sythess with no need 
for coupling reagents and minimal generation of by-products. 
CLIMATE CHANGE 

Orbital and Millennial Antarctic Climate Variability = 793. 
cover the Past 800,000 Years 

J. Jouzel et al. 

‘deuterium isotope record from an Antarctic ice core shows 

that during some interglacial temperatures there were upto 

45°C warmer than they have been during the Holocene. 
‘ATMOSPHERIC SCIENCE 

Improved Surface Temperature Prediction for the 796 
Coming Decade from a Global Climate Model 

DM. Smith etal. 

Accounting for Et Nio events and ater natural imate variations 
substantially improves how wella global climate model forecasts of 
surlace temperatures over the next decade by a global imate mode 


BIOCHEMISTRY 
‘Mechanism of Na*/H* Antiporting 799 
1 T-Arkin etal. 

‘Molecular dynamics simulations ofa Na*/H* antiporter allow 

the proposal of anatomically detailed model for the mechanism 

‘of jon transport, pH regulation, and cation selectivity 


MEDICINE 
‘Augmented Wnt Signaling in a Mammalian Model 803 
of Accelerated Aging 

H Liv etal 

Increased Wnt Signaling During Aging Alters 807 


‘Muscle Stem Cell Fate and Increases Fibrosis 
A'S, Brack etal. 

Inder mic, overexpression of a signaling pathway may inhibit 
‘muscle regeneration by accelerating stem cel senescence while 
decreasing their proliferation 

ECOLOGY 

International Conservation Policy Delivers Benefits &10 
{or Birds in Europe 

PF Donald etal 

‘European elfort to protect endangered bird species initiated in 
1979 seems to have increased the populations of targeted species. 
EVOLUTION 

‘Adaptive Mutations in Bacteria: High Rate and 813 
Small Effects 

L Perfeito, L. Fernandes, C. Mota, 1. Gordo 

The beneficial mutation rate for bacteria appears to be 

1000+fold greater than classical estimates. 


MVAAAS 


EVOLUTION 
Divergence of Transcription Factor Binding Sites 815 
‘Across Related Yeast Species 

AR. Bomeman etal 

In yeas. gene regulatory elements evolve much more rapidly 

‘than the genes they control and so may be responsible for much 

ofthe aiversity among species. 

NEUROSCIENCE 

High-Speed Imaging Reveals Neurophysiological 819 
Links to Behavior in an Animal Model of Depression 

RD. Airan et al. 

Neural activity inthe hippocampi of ras with depression Like 
symptoms rellects the degree of abnormal behavior, providing 
clue to the brain circuits underlying depression 


NEUROSCIENCE 
Characterizing the Limits of Human Visual Awareness 623 
L Huong, A Treisman, H. Pashler 

Briefly examining a scene visually, humans can pay attention to only 
‘one color ata time but may be abe to see it in multiple locations. 


vincLocy 
Immunization by Avian HS Influenza Hemagglutinin 825 
‘Mutants with Altered Receptor Binding Specificity 

2-¥. Yang etal 


‘Mutations in a surface protein ofthe avian flu virus affect how it 
binds to host cells, information that can help generate protective 
vaccines for evolving fu viruses 
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SCIENCENOW 
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Life From the Oldest Ice? 
Team claims to have resurrected microbes from 
‘-million-year-old Antarctic samples. 


Turning on the Female Brain 

New workin mice suggests a simple genetic switch 
‘sal that separates male and female behavior, 
Red Bean Revenge 

Undercooked legumes can be a source of food 
poisoning, 


‘Nicotine alters neuronal plasticity. 


SCIENCE'S STKE 
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PERSPECTIVE: Nicotine and Synaptic Plasticity 

in Prefrontal Cortex 

0.5, McGehee 

i ‘Nicotine’s modulation of synaptic plasticity in 
prefrontal cortex may contribute tots effects on 

& memory and reward circuitry. 

& CONNECTIONS MAP: TGF Signaling in 
Development 
K. Kitisin et al. 

: This pathway highlights the role of the TGF 
signaling pathway in key aspects of mammalian 

= 
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Poverty makes an impact later in life, 
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US.: Opportunities—The Power of Poverty 

P Fiske 

The lessons Peter Fiske learned asa starving student 

have served him well in his professional lif, 

US.: The Post-Bac—One or Two Years That Make Careers 
5. Webb 

‘short hiatus belore graduate schoo, say many students and 
faculty members, is almost atways time well spent. 

ITALY: An Astrophysicist at La Citta della Scienza 

E Pain 

‘Alessandra Zanazzitumed astrophysics training and 
‘communications skils into a career at Waly’s firs interactive 
science museum. 
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A Layered Response 

Actuators convert energy into mechanical force, 
and Masmadinis et al. (p. 780; see the Perspec- 
tive by Blencowe) present a method for the 
actuation of nanomechanical resonators based 
‘on piezoelectric semiconductors, in this case, 
cantilevers of epitaxially grown GaAs that form a 
pin diode (an intrinsic layer, which is charge: 
depleted and an active piezoelectric material, 
sandwiched between p-type and n-type layers), 
The strength of the mechanical resonance: 
induced by an applied ac voltage can be con: 
Wwolled by a de bias, which alters the charge- 
depleted layer, The actuation can be tailored by 
altering the device's band structure, geometry, 
and crystallographic direction, 


Heating a Monolayer 

Heat is carried through crystalline sotids via very 
low frequency acoustic vibrations. In contrast, 
the rates and mechanisms whereby isolated mol 
ecules transport heat are more obscure, but are 
potentially important fr applications such as 
molecular electronics. Wang et al. (p. 787: see 
the Perspective by Nitzan) have used coherent 
vibrational spectroscopy to quantify the rate of 
heat conduction 
from a flash-heated 
gold substrate to the 
top of an alkanethiol 
monolayer assem 
bled on its surface. 
The technique is 
sensitive to the dis- 
ordering of terminal 
methyl groups that 
spreads across the 
ensemble in picoseconds as heat flows through 
the hydrocarbon chains. A theoretical analysis is 


‘CREOMTS TOP TO BOTTOM. SHAW RESEARCH, ADAPTED FROM MTZAN 
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consistent with ballistic heat transport at an 
effective rate of ~1 kilometer per second. 


Straight to Amides 

The prevalence of amides in biomolecules and 
commercial polymers places high value on a 
flexible and efficient synthetic route to mole: 
cules bearing this C(=O)N motif. In general, 
oxidative coupling of available alcohols and 
amines to amides requires the use of wasteful 
quantities of stoichiometric activators or coro: 
sively strong acids and bases. Gunanathan et al. 
(p. 790) show that a ruthenium complex cat- 
alyzes the direct coupling of a wide range of pri 
‘maty alcohols and amines tothe coresponding 
amides, with the endothermic reaction driven by 
liberation of H, as the sole by-product. High 
yields were obtained from boiling toluene solu 
tions in less than 10 hours. 


Ice Through 
11 Glacial Cycles 


The ice core drilled at Dome C, Antarctica, pro 
vides the longest continuous record of climate 
‘and atmospheric composition of 
any polar ice site, encompassing 
11 glacial cycles. Jouzel et al. 
(p. 793, published online 5 July) 
present the deuterium isotopic 
profile for the entire 3260-meter 
length of the core, which allows 
the construction of a climate 
record that extends back to 
£800,000 years before the pres- 
ent. The high resolution of this 
record allows the relation between shorter, 
millennial-scate climate events in the northem 
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<< High-Salt Survival Tactics 


‘The Na*/H*antiporter NhaA is an inner-membrane protein in 
Esherichia coli that is required for survival in high salt or 
under alkaline stress. NhaA uses energy from proton trans- 
port down an electrochemical gradient into the cell to excrete 
Na*, but not K*, from the cytoplasm. Starting from a recently 
determined structure of NhaA, Arkin et al. (p. 799) per- 
formed molecular dynamics simulations to examine the 
mechanism of ion transport, pH regulation, and cation selec- 
tivity. The simulations, together with existing experimental 
data and mutagenesis experiments, indicate that three 
aspartates are essential to NhaA function: Asp" is the 
Na* binding site, Asp controls alternating cytoplas- 
mic or periplasmic access to the binding site, and 
‘Asp? is involved in pH regulation. 


and southern high latitudes to be examined. The 
authors also used an atmospheric General Circu 
{ation Model to calculate an improved tempera- 
ture record forthe entire interval, finding tem 
peratures during warm intervals as much as 
4.5°C warmer, and during cold intervals as 
much as 10°C lower, than preanthropogenic 
Holocene values. 


Looking Within 

Global climate models have been criticized as 
being overly simple representations of an 
‘extremely complex system; for example, they 
include only natural and anthropogenic external 
forcing terms (like those for solar radiation, 
atmospheric aerosols, and the concentrations of 
greenhouse gases) and neglect to incorporate the 
effects of nonanthropogenic internal climate vari- 
ability that could have a significant effect on pre- 
dictions, Smith et al. (p. 796; see the news story 
by Kerr) report model hindcast results that include 
the effects of that internal variability. They found 
that surface temperature can be predicted with 
‘substantially more skill over a decade, both glob: 
ally and regionally. Their forecast of global annual 
mean surface temperature for the decade begin: 
‘ning in 2005 indicates a reduced rate of warming 
for the next few years, followed by continued and 
more rapid warming, with at least hall of the years 
after 2009 predicted to be warmer than the 
‘warmest year currently on record. 


Activity of the 
Depressed Brain 


Totry to understand how brain circuits malfunc- 
tion during depression, Airan et al. (p. 819, 
Continued on page 719 
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Continued from page 717, 


published online 5 July; see the Perspective by Insel) tracked neural activity within the hippocampus 
with voltage-sensitive dyes in brain slices from rats experiencing depression-like states. Certain 
aspects of neural activity predicted the degree of “depression” exhibited by the animal, including 
behavioral improvements after administration of antidepressant drugs. This indication that hip- 
pocampal neural activity reflects the behavioral state of these animals provides a starting point for 
further understanding of the malfunctioning circuits in depression and suggests an approach for the 
study of other mental illnesses. 


Wnt, the Fountain of Youth? 

Wnt proteins are secreted ligands that bind to cell } 
surface receptors and have important effects dur 

ing development, which it now seems may also 

contribute to phenotypes of stem and progenitor 

cells associated with aging. Liu eta. (p. 803) 

examined stem cell properties in mice carrying a 

mutation in the Klotho protein, which show charac 

Lerstis of accelerated aging. They observed increased senescence of stem cells inthe mutant mice 
and found that the Klotho protein physically interacted with an inhibited Wnt proteins in transfected 
Cells. Exposure of mouse embryo fibroblasts in culture to excessive Wnt signaling enhanced senes 
ence, and in transgenic mice also promoted senescence of skin cels. Brack et al. (. 807) found 
that Wnt signaling appeared fo be more active in aging animals. Injection of Wnt3A into young 
regenerating muscle reduced proliferation and increased deposition of connective tissue. Thus antag 
onizing Wnt signals could provide a strategy to ease the elfects of aging and age-related diseases. 


Birds of a Feather 
The European Union's Bitds Directive was a pioneering international policy instrument that was 

acted in 1979 withthe aim of providing a framework forthe conservation of bird species considered 
to be rateor vulnerable. Donald etal. (p. 610) evaluate the effectiveness of the ctective in terms ofthe 
population response of all the species at which itis targeted. As was hoped, positive population changes 
were observed between 1990 and 2000 for listed species compared to nonlisted species. Such interna 
tional nitiatves are indeed capable of delivering measurable conservation benefit 


Regulatory Change and Phenotypes 

Phenotypic changes between related species are thought to arise from changes in gene composition 
and alterations in their mode of regulation. Borneman et al. (p. 815; se the Perspective by 
Kruglyak and Stern) have studied the divergence in transcription networks across four yeast species 
by directly determining the binding ste distribution of orthologs ofthe transcription factors Ste12 
and Tec1. Gene regulatory binding sites were considerably more variable than the genes themselves, 
Suggesting that such changes may drive phenotypic variation 


Flu Variations 

‘A major question in the transmission ofthe HSN1 stain of influenza between humans i how muta 
tions might influence the ability of the virus to enter human cells and how this might affect detection 
by our immune systems. Yang etal. (p. 825) reveal that specific mutations in the influenza hemag 
glutinin gene can alter host receptor binding and the recognition of the virus by neutralizing antibod: 
ies, However, new neutralizing antibodies specific tothe mutants coud be elicited by immunization, 
‘which wil be important in the design of vaccines to combat the viru. 


What You See and What You Don’t 


What are the limits to the visual information that can be consciously accessed by @ human being at 
any one time? Huang et al. (p. 823) analyzed single momentary acts of conscious perception specif 
cally with respect to location and color of briefly presented visual stimuli. They found that we can be 
aware of more than one location, but not more than one color, per visual scene. The results are inter 
preted within the framework of “labeled Boolean maps,” which postulates that people can attend to 
‘multiple tocations simultaneously, but only a single feature 
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Dan Koshland: A Retrospective 


‘AS | WALK AROUND AT THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE, 
‘where the journal Science has its home, | encounter one framed cover afer another, Many of 
them are from issues published between 1985 and 1995, when Dan Koshland was at work as its 
‘editor, creating the journal's process infrastructure and bringing aboard many of the Editorial 

id News staff with whom I am privileged to work today. Pick your way through this issue and 
‘explore it; in substantial part, itis the magazine Dan created. 

Two weeks ago, a few days after Dan’s death, many of his colleagues spoke about his 
passionate enthusiasm for good science of all kinds. Because he had come to Science as its 
first nonresident editor, trailing extraordinary scientific credentials, it would not have been 
surprising had his new staf been intimidated. Th that up on discovering that he liked 
to manage by walking around and that he relished productive 
argument, He was a regular contributor to the journal himse 
indeed, a posthumous contemporary essay classifying strategies of 
scientific discovery ison p. 761 of this issue, 

Readers may recall one occasional persons of Dan's: the self 
confident Dr, Noitall. Well, he may have been Dr, Noitall for 
that audience, but in house he was Dr. Letsdebate. The memories 
disclosed by his former staff colleagues are as varied as they are 
rich: Dan's love for a novel piece of science, his thoughtful holiday 
habit of bringing a box of Godiva chocolates to each editor and 
assistant, and his outrageous sense of humor. My colleague Monica 
Bradford. who was there for much of Dan’s editorship, describes him 
aasa“tninsformationist." He changed procedures, people, and projects 
wherever he thought it might do some good; one innovation (among 
many) was the first Science International office in Cambridge, UK, 
where many of our Editorial and News colleagues work. 

Dan’s teacher Wendell Latimer brought him to Glenn Seaborg, an 
extriordinary project manager with whom he worked on the Manhattan 
Project. He later underwent a conversion to biochemistry that brought him through the University 
of Chicago, Brookhaven National Laboratory, and eventually to the University of Californi 
Berkeley. Much of this history is given in a 1996 personal account in the Annual Review of 
Biochemistry (bitp:/arjournals annualreviews.orw toe biocheny/65/1), entitled "How to 
Paid for Having Fun.” At Brookhaven and later at Berkeley, he performed a stunning series of 
‘experiments demonstrating that protein conformation was flexible, and these findings led him 
awway from the loc ey model to the now widely accepted “induced-fit” model of 
‘enzyme!substrate interactions. Dan's experience in breaking a paradigm was an example for his 
editors: Understanding that exceptional results require exceptional evidence, he nevertheless 
‘encouraged them not to overlook surprises simply because they seemed improbable. 

After his first wife Marian Koshland passed away, Dan made a very large gift to the National 


a museum that illustrates the value of basic science and its importance to society. A 

ssigned to monitor the process of exhibit development, with Danas chairperson; 
as his nominal co-chair, | soon figured out that I was expected to support him and if necessary 
calm him down when things weren’t suiting him. Dan had views, and a way of expressing them 
forcefully (that was fair: it was, afterall his money). It was an enjoyable exercise: Dan was right 
‘more often than not, and the Marian Koshland Science Museum isa jewel that te 
adults and kids—in.a participatory way about matters such as climate change and genomi 

1am grateful to Dan for his wisdom, his friendship, and his legacy. and for encouraging me 
as I considered coming to Science. The legacy is shared by a dozen present News and Editorial 
staff who served in Dan's decade. and by the young staff who later fell to his persuasiveness as 
a recruiter. “Dan's people” in turn created an institution strong and exciting enough to attract a 
new crop of colleagues to continue Science’s grawwth, We owe Dan much for his role in shaping 
the place, the conditions, and many of the people with whom we work. 


—Donald Kennedy 
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microsiotocy 
Big Bacteria Sightings 


Although communities of unusually large bacteria, like the gigantic 1-mm-diameter Thiomargarita 
‘spp. found off the Namibian coast in 1999, have only recently been discovered in marine sediments, it 
seems that they might occur widely in the benthos. During a tong inter-El Nifio (1998 to 
2004) period along the western coast of South America, Gallardo and Espinoza discov- 
ered that fairly large (roughly 1 x 100 mm) filamentous bacteria could be recovered 
from sulfidic sediments overlain by oxygen-deficient water. As the El Nifio-South- 
ern Oscillation persisted, repeat sampling showed that the community shifted 
from a mixed eukaryote plus megabacteria (Thioploca spp.) composition to an 
exclusively anaerobic complex of the newly discovered filamentous bacteria 
(with an accompanying loss of megafauna). These macrobacteria appear to be 
diverse, presumably representing many ecotypes, and there are several pheno- 
types, some motile and some containing refractive sulfur granules, The authors 


PHYSIOLOGY 
Ensuring Milk Quality 


In discussions of diet and health, fat generally 
gets a bad rap. One notable exception i the 
case of newborn babies, who require substantial 
quantities of milk tipids for normal growth and 
development. Indeed, to meet this need, the 
§ ‘mammary glands of new mothers secrete nearly 
{6 hg of fat duting a typical 6-month lactation 
H period. 
Ina study of genetically manipulated mice, 

; Wan etal show thatthe quality of fat in mitk is 

as important to neonatal health as the quantity, 
& and they begin to dissect the mechanism by 
B which quality controls achieved. The authors 


hair loss. These abnormalities weve not related 
to the genotypes of the fathers or the pups, nor 
were they related to maternal parenting behav 
iors. Instead, they could be traced toa nut 
tional defect in the milk produced by the 
‘mutant mothers—namely the presence of pro 
inflammatory tipids, which were the products 

of aberrantly overexpressed lipid oxidation 
enzymes inthe maternal mammary glands. One 
confirmatory piece of evidence that hairloss in 
the pup was a consequence of inflammatory 
responses was that treatment with aspirin effec 
& tively prevented the alopecia, Thus, maternal 

H PPAR-y appears to protect nursing newborns by 


BOTTOM: GALLARDO AND ESANGZA, NT MICROBIOL 16,9720 US 


specula 
pre-Cambrian oceans. —CA 


‘mediating this protective effect is not the mam: 
‘mary epithelium but appears to be hematopoi 
etic of endothelial cells. — PAK 

Genes Dev. 21, 10.130 gad.1567207 (2007) 


ENVIRONMENTAL SCIENCE 
ver and Its Surroundings 


Silver has been prized throughout human history 
for its sheen and more recently for its excep 
tional electrical conductivity and its chemical 
applicability to photographic processing, 
Although its toxicity is only moderate in 
‘comparison with that of other heavy 
‘metals, its antimicrobial properties 
point tothe utility of a more thor 


‘man and Graedel have analyzed the 
worldwide anthropogenic release of 
silver to air, land, and water. Their analy 
sis spanned 64 countries forthe year 1997 

and compared releases from the mining stage 
through manufacturing and waste disposal (they 
note that more than half of processed silver is 
recycled). The plurality of the 13 million kg of 
Giscarded silver (~44%) went tolandfils, with 
the nest highest category (~30%) being com 
posed of tailings released during mining. 
Regional toxicological impact was estimated 
based on a previously established hazard rank- 
ing of various silver compounds. —JSY 


that very similar assemblages may have been present in anoxic 


Int, Microbiol. 10, 97 (2007). 


evouTion 
An Early Use of Androstenedione 


‘Sex hormones such as estrogen, progesterone, 
and androgen exert their physiological eects by 
binding to proteins ofthe steroid hormone recep: 
{or family. Studies with basal vertebrates have 
‘mapped out the evolution ofthese signaling 
pathways, which are important in regulating 
‘eproduction, Prior work has suggested that the 
estrogen receptor was the frst 
steroid receptor and that 
other steroid receptors 
arose later, probably 
through gene duplica- 
tion, Although andro- 


noticed that nursing pups of female mice that | ough understanding ofits environ- gens are generally 
were genetically deficient inthe transcription | mental impact, particularly in light traced back to gnathos- 
{actor PPAR- (peroxisome proliferator~acti ofthe steadily increasing stream of tomes, Bryan et al. now 
vated receptor exhibited growth delays and | electronics waste. In this ein, Eckel ‘identify an androgen 


receptor in the sea lam: 
prey Petromyzon mani 
rus, a jawless verte- 
brate. The specific 
androgen, androstenedione, isa precursor of 
testosterone, and when androstenedione was 
{implanted into male lamprey, the development 
of the testis and secondary male characteristics 
was accelerated. Hence, by showing that a func- 
tional ancrogenic hormone and its receptor are 
present in janless vertebrates, this work argues 
‘against the claim that androgen receptors evolved 
after agnathan-gnathostome divergence. — BAP 
Biol. Reprod. 77, 10.1095/biolreprod.107.061093, 


Petromyzon marinus. 


suppressing the production of “toxic” fats in Envivon. Sci. Technol. 4, 10.1021/e50629706 (2007. 
8 milk. Interestingly, the source of the PPAR-y (2007). Continued on page 725 
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‘events. Infact, AAAS was instrumental in helping the NPA 
getsstarted and develop into.a growing organization and 
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ASTROPHYSICS 
The Red and the Blue 


All. galaxies can be built up from two major 
components: a central spherical bulge and a 


surrounding flattened disk of stars. The relative 


size of each has been widely used to classify 
galaxies, so thata variety of type 

tified with disks of varying 
there is no disk, the 


an be iden 


e, and when 


laxy is classified as 


iptical. Complementing this picture, galaxies 
tend to favor one of two colors, either red or 
blue, Ellipticals are mostly red and spirals 
blue, leading to suggestions that this color 


preference is simply due to the relative contri 
butions of stars in the bulge and disk to the 
galaxy's overall light 

Drory and Fisher have found that this 
simple view is inadequate, however. D 


posing the shapes of tens of galaxies selected 
from the Sloan Digital Sky Survey using 


taken by the Hubble Space Telescope 


that some particular galaxies do not follow the 


d relationship between color and 


ted from their bulge-to-disk 


so-called "pseudobulges,” or central pull 


concentrations of stars whose properties are 


more similar to those in the disks than in ell 


ticals or normal bulges. Such differences im 
that itis the type of central bulge that is 
important, not its size, in characterizing a 
galaxy. Also, the characteristics ultimately 
jepend on the environment in which the 
alary first formed, so th 
indicative of later, less violent formation in 
comparison with the conditions that give rise 


seudobu 


to normal bulges. — JB 
Astrophys. J 664, 640 (2007), 


CHEMISTRY 


Strong Solvent Imprint 


The optical rotation of polarized light caused by 
chiral molecules dissolved in solution is usually 
attributed to the interaction of the light field 
with the electronic distribution of the solute. 


gq SCIENCE 


RS'CHOICE 


Hos 
can also e 


et, the solvent shell around the molecule 


strong effects; for exan 


n of (5)-methyloxirane 


the 


sign of th 


optical rotat 
switches from positi 


9 negative when the 


vent is changed from water to benzene. Pr 


has shown that the interac 


nyloxirane with water accounts 
for most of the optical rotary dispersion (ORD) 
jweous media, Mukho 


nt time-dep 


hyay et al. now 


fensity functional the 
f ORD for N 
(A)-methyloxirane si 


te Carlo simula: 


tions of (5)- and vated 


with benzene. They show that for an explicit sol 


vent model, the dissymmetric benzene solvent 


shell, rather than the solute it 
the ORD. This effect was not seen with implicit 


solvent molecules o 


th an achiral solute 
(ethylene oxide). — PDS 

Angew. Chem. Int. Ed. 6, 

1002/anie 200702273 (2007) 


CELL BIOLOGY 


A Needle in a Haystack 


Primary cilia are composed of a stereotypical 


are anchored 


arrangement of microtubules tha 


toa basal body and extend within a membrane 


sheath fro ells. Primary cilia 


n many animal 
y 


the extracellular environment and play a role 


during development in morphogen sensing, as 


well as contributing to sight ar 
rgans. Defects in 


other functions in mult 


primary cilium formation are associated with 


several such as retinal degeneration 


tion and function require the coordination of 
bot 


‘membrane trafficking and microtubule 


mbly pathway: 
Yoshimura et a 


nted to define the mech: 


anisms involved in primary cilium formation 


iden: 
Rab 


and undertook a systematic approac 
tify which members of the multitudino 
GTPase family of membrane traf 
were important. Only one of them, Rab&a, 


localized to the primary cilum; it interacted 


specifically with cenexin, a microtubi 


basal body-binding protein known t 


involved in primary cilium production. Two 
‘other family members, Rab17 and Rab23, and 
GTP, 
pated in primary cil 


other 


their partner 


se activators also partici 


sm generation, whereas 


ors were not 
r This study paves the way for an 


nding of the requirements for the 


specific recruitment of membrane traffickin 


and microtubule assembly machineries during 


defic 
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Award-winning journalists 
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Science 


Call the Hose Brigade! 


This month in Hawaii's scenic Kaneohe Bay, 
scientists fighting an infestation of alien 
seaweed will unleash a pair of new weapons: 
vacuum cleaners. Their target is an ualy, 
arstly alga the color of canned peas. Called 
Eucheuma, it smothers and kills coral, 
creating underwater devastation worthy of 
a horror movie. “I've never seen algal growth 
with such lethal capabilities,” says Celia Smith, 
aa professor of marine botany at the University 
of Hawaii, Manoa, involved in fighting it. 
Smith’ late predecessor, Max Doty, 
imported Eucheuma to his Kaneohe Bay lab 
{rom its native Philippines in the 1970s to study 
its potential asa source of the food additive 
carrageenan. Methods he developed made 
Eucheuma the world's most widely farmed sea 
\weed, cultivated in 23 countries. But the alga 
began spreading across Kaneohe Bay and now 
covers nearly half the fringe ree. So the state, 
the university, and The Nature Conservancy 
teamed up to create Super Sucker and Super 
Sucker Ir, barge-mounted vacuum cleaners 
capable of clearing up to 350 kilograms of 
seaweed an hour. Eric Conklin of The Nature 
Conservancy says the battle is winnable in 
Hawaii but that little is known about how much 


wwwsciencemag.org 
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Pass the Salt 


Since ancient times, people have been salting meat for storage. Now 
Iranian archaeologists are using the same trick to preserve the body of a 
‘man who mined some of that salt millennia ago, 

The body is the sixth found since modern mining operations resumed in the Chehr 
Abad mine in Zanjan province in 1992. The other five are on display in museums in 
Tehran and Zanjan, but tran’s Cultural Heritage, Handicrafts, and Tourism Organization 
says the museum specimens are degrading. So when the most recent body was unearthed 
this year, archaeologists decided to reinter it. Iranian, German, and British experts will 
‘meetin Iran this autumn to plan long-term preservation. 

University of Oxford archaeologist Mark Pollard, who has studied samples from the 
remains, says the six bodies most likely belonged to miners who died in cave-ins. Pollard 
hopes to find out where the miners came from by comparing strontium isotopes in their 
bbones with the isotopes in nearby areas, which the miners would have absorbed {rom 
their food and drinking water. Field surveys show no sign of habitation within 30 kilometers 
of the mine during the Achaemenid (550-330 B.C.E.) and Sassanid (224-651 C.E.) 
dynasties, when the miners lived, 


damage Eucheuma has wreaked in the remote, 
impoverished areas where most of the farming 
takes place. 


entries on how far they've strayed from reality 
For instance, a page on the possibilty that 
the sun has an unobserved twin merits only 
“fringe” classification, whereas a site that 
dispenses advice on conducting diplomacy 
with aliens earns the highest ranking, 

Homeopaths, advocates of untested 
herbal remedies, and credulous reporters 
who promote them take a beating at British 
doctor Ben Goldacre’s Bad Science blog,t 
Pharmacologist David Colquhoun of University 
College London hammers similar targets at 
C's Improbable Science.* Although both sites 
have a British emphasis, the quackery they 
‘expose is often international, 

* womucrank.net 

+ wivn.badscience.net 

# descience.net 


Keeping Tabs on 
Tabloid Science 


The Weekly World News, the 
supermarket tabloid that once 
claimed 12 U.S. senators were space aliens, 
{sending publication this month. But there 
are enough purveyors of pseudoscience, anti 
science, and quackery to keep the following 
three Web sites in business 

Crank Dot Net’ furnishes a taxonomy of 
crackpot Web sites. Erik Max Francis, a computer 
‘programmer in San Jose, California, rates the 


DEJA VU ON DEMAND? 


Time travels possible, and you can do it without exotic particles or short: 
‘cut wormholes. Normal matter, a vacuum, and a spaceship are enough 

The good news comes from theoretical physicist Amos Ori of the 
Technion-Israel Institute of Technology in Haifa. In July's issue of 
Physical Review D, Ori shows how gravitational fields could twist space 
time into a hollow doughnut. By zipping around the tube, a time traveler 
could shake hands with her younger self or with future presidents with 
‘out breaking any laws of physics. Other theorists have proposed similar 
‘models, but they all required matter with exotic properties such as neg: 
ative mass. Ori’s tube, by contrast, is immersed in a sphere of normal 
matter—“like dust from under your bed,” says}. Richard Got Ila the 
‘oretical physicist at Princeton University who has written a popular book on time travel. 

O’s ideas are “quite promising,” Gott says, but both men agree that at present time travel is 
strictly fiction. And even if it becomes possible, Ori says, his time machine won't be able to take 
You into the past before it was invented. You could visit your great-great-grandchildren or vice 
versa, but the Family won't get front-row seats atthe signing of the Magna Carta. 
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‘should be submitted to: Linda Stroud, AAAS International Office, AAAS 
Room 1113, 1200 New York Avenue, NW, Washington, DC 20005, members 
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here are more opportunities for finding a 
rewarding career in the chemistry 
field than meet the eye. Review 

some of your many options on 

p. 831 of this issue. 


UPCOMING FEATURES: 

August 31—Postdoc Survey 

September 14—Faculty Positions 2: Junior Faculty 
September 21—International Careers Report: Germany 


Science Careers 


Also available online at 
www.sciencecareers.org/businessfeatures 


IP NEWSMAKERS 


EDITED BY YUDHIJIT BHATTACHARJEE 


CREATIONIST SPIN. Dutch evolutionary biologist Gerdien de Jong doesn’t like 


HONORS 

INDELIBLE. The government of Greece has 
issued a posta stamp in honor of Greek neuro: 
phiysiologist George Cotzia, who pioneered the 


‘use of t-dopa—a 
chemical similar 

to dopamine—for 
the treatment of 
Parkinson's disease, 
Cotzia was a “rare 
intellectual with a 
high consciousness 
of his mission,” says 
Spytos Marketos, a 
biologist at the 
University of Athens 
Medical School in Greece, The stamp marks the 
30th anniversary of Cotzia’s death. 


EMBO PRIZE. Jan Léwe of the Medical 
Research Council's Laboratory of Molecular 
Biology in Cambridge, U.K., is the winner of 
this year’s Gold Medal from the European 
Molecular Biology Organization. Lowe wins 
the prize—which includes a cash award of 
$14,000—for his studies on the structure 
and function of proteins involved in bacterial 
cell division, 


MOVERS 

YOUNG AT HEART. The head of one of the 
largest biomedical philanthropies in the 
United States has announced her retirement 
after 13 years on the job. Enriqueta “Queta” 
Bond, 68, will step down as president of the 
Burroughs Wellcome Fund (BWF) next year, 
but she intends to remain “involved in science 
poticy and philanthropy.” 


how the EO, an evangelical public broadcasting group, has been editing the work 
of BBC documentary maker David Attenborough. So she’s put on 
YouTube and on a Dutch evolution blog a sample of what 
she considers egregious examples from Attenborough’s 
series The Life of Mammals 

In the Dutch version, a voice-over translates 


“100 million 
‘and “our closest relatives” assimply 
ire scenes are removed, including one in which 
Attenborough, brandishing a flashlight, wanders through a 
dark forest to explain mammals’ modest place before the 
dinosaurs died out, and another in which he explains how mar- 
supials ended up in Australia and South America thanks to con- 
tinental drift. And his episode on human evolution is entirely 
excluded. “I want the EO to stop censoring.” says De Jong. 

A spokesperson say the station has the right to edit the do. 
‘umentaries to avoid contradictions with the biblical account of creation, which the 
BBC confirms, Attenborough himself seems unperturbed, The list of omissions 
faxed to him by a reporter “seemed fairly innocuous to me.” he told Science 


became a model for the National Institutes of 
Health's Pathway to Independence Awards 
that were set up last year 

In addition to fellowships, BWF has 
supported scientific career development by 
o-sponsoring lab management courses with 
the Howard Hughes Medical Institute and 
by supporting the AAAS/Science career- 
development site, Science Careers. “We need 
to continue to invest in people and take risks 
‘on young scientists,” she says, 


Bond oversaw a 
doubling of BWF's 
‘endowment to $800 
million and led a 
movement to improve 
‘opportunities for 
young biomedical 
researchers, Under her 
leadership, BWF 
launched several in 
tiatives to help early: 
‘career scientists become independent, which 


CAMPAIGNS >> 


TESTING HIS MEDAL. Nobelist Torsten Wiesel 
has spent a lifetime championing human rights 
‘around the world. Last month, the neuroscien: 
tist and former university administrator made 
his case directly to President George W. Bush 
during a White House ceremony to honor the 
winners of the 2005 and 2006 National Medals 
‘of Science and Technology. 

‘iter receiving his medal, Wiesel handed 
Bush a letter expressing concem about the gov- 
‘emment's treatment of prisoners at Guantanamo 
Bay and its policy of “not giving full recognition” to the Geneva Convention. Wiesel says Bush put 
the letter in the inside pocket of his jacket without comment. 

Wiesel, who along with David Hubel did pioneering research on how the visual system 
works, says he was inspired by a similar act by a group of high school students visiting 
Washington, D.C., this summer as Presidential Scholars. “I am not a publicity seeker, but | 
thought to say nothing would be shameful,” says the Swedish-born Wiesel, a former president 
‘of Rockefeller University who served as chair of the National Academies’ Committee on Human 
Rights from 1994 to 2004. “The United States has lost its standing as a beacon of freedom. It 
‘is much more difficult for us today to lecture other countries about human rights because they 
‘an tum around and ask, ‘What are you doing in Guantnamo?’ * 


SCIENCE VOL317 10 AUGUST 2007 


732 


BIOSECURITY 


U.K. Labs Suspected as Source 
Of Foot-and-Mouth Outbreak 


In what could prove an eerie replay of a 
1960 incident, U.K. officials and scientists 
this week were investigating what looks like 
an accidental but potentially hi 
(FMD) in the county of Surrey. Tests had 
indicated that the virus—which by Tuesday 
had hit two farms—belonged to a strain that 
has not recently circulated in animals but is 
present at the Institute for Animal Health 
(IAH) in Pirbright, close to the affected 
farms, and at Merial, a vaccine company 


release of foot-and: 


housed on the same premises. 
Officials at [AH and Merial have said 
they are unaware of any safety breaches, but 
biohazard teams quickly visited both labs to 
ignsofa viral escape 


nd scientists, 

tbreak’s 
strain to shed more light on its origins. A 
government report released Tuesday night 
as Science went to press concluded that 
“there is a strong probability 
that the FMDV strain involved 
in the farm outbreak or 
nated from the [AH or the 
Merial sites.” Scientists were 
already expressing concern 


were further analyzing the 0 


that the episode could under- 
tnine public support for high- 
containment labs, especially 
a new one planned in the 
United States 
In the U.K. 
images of condoned-off 


this week’s 
rms 
and culling teams revived 
memories of the catastrophic 
FMD outbreak of 2001, Dur- 
ing that episode, the 
ment ordered the destruction 

of some 6 million sheep, cattle, and pigs to 


stamp out the disease, which also spread to 
the Netherlands, Ireland, and France. This 
time, the government response has been 
much swifter, and the virus may be thwarted 
before more than a handful of farms are 
affected, says Neil Ferguson of Imperial 
College London. one of several scientists 
who helped guide policy in 2001 by build- 
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see) 


ing models of the virus’s spread. Ferguson 
and other modelers have been enl vain, 
but with only two farmsaffected “there's not 
a whole lot of modeling we can do.” he says. 


sted. 


if major losses to U.K. agriculture 


and tourism can be averted—the European 
slready imposed a ban on UK. 


t exports—the limited data so far st 
that a biosafety breach occurred. On Sa 
day, the U.K.’s Department for Environment, 
Food and Rural Affairs announced that tests at 


TAH had shown the virus to be very close toa 
in called 01 BFS67, which was isolated in 
Great Britain in 1967, Merial, 
between Merck and Sanofi-Aw 


a joint venture 
atis, grows 
that strain to create vaccines, primarily for 
countries outside the European Union. [AH 
also has that strain for research and di 
purposes: as the global FMD re 
nof str 


INSTITUTE 
ANIMAL THEALT 
PIRBRIGHT 


a 


Under suspicion. The U.X.'s Institute for Animal Health is a possible source of the 
virus that caused foot-and-mouth disease among cattle on two nearby farms. 


break, including an independent panel led by 
Imperial College molecular epidemiologist 
Brian Spratt; researchers familiar with the 
effort say Spratt’s panel is awaiting the full 
ome sequence of the virus found on the 
farms. Comparing that to strains at IAH and 
Merial should help pinpoint the culprit, says 
Martin Hugh-Jones of Louisiana State Univer- 
But Ferguson says if both 


SCIENCE 


ngre 


i , 


scription 
tion 


labs happened to have the exact same strain 
and ifthere aren’tother signs of biosafety prob- 
ns—such as virus outside high-containment 
“we may never find the smoking gun.” 

Pirbright has been the source of an FMD. 
outbreak before. In January 1960, animals at 
single farm close to what was then called the 
Animal Virus Res 


rch Institute became 
ed with a South African strain of the 
virus, “which had apparently escaped through 
the Institute's ventilation system,” according 
1969 report on FMD by a panel of 
experts. Improvements in containment tech- 


infec 


wo 


nology and procedures were supposed to 
make such accidents a thing of the past, how- 
ever. At the safety level required for FMD 
work, labs operate under negative pressure so 
that air flows in, not out, through any leaks 
All outgoing air is filtered twice, wastewater 
is sterilized, and garbage incinerated. Workers 
must shower and scrub before going home, 

A 2001 review did raise questions about 
the state of facilities at IAH, however. 
Although the review didn’t specifically warn 
about safety, it did conclude that “some of the 
laboratories and other areas of the Pirbright 
estate are not close to the standard expected of 
a modern biomedical facility.” The report 
helped pave the way for an expan- 


ww high 
containment lab is still under way, 
an IAH spokesperson sa 

On Monday, U.K. Chief Veteri- 
nary Officer Debby Reynolds stid 
that the recent floods may have 
arried the virus to the farm afterit 
asreleased through a drain, Even 
that scenario would still imply a 
technical or human error, however, 


d some infectious-disease 


researchers worry that the incident 
will cause public distrust, In the 
United States, for instance, the 
FMD outbreak could trigger wor- 
ries among the five communities 
that may host the new National Bio aind Agro- 
Defense Facility, which will also be home to 
FMD work. “Its obviously a concern. Its a sit- 


uation we're going to monitor very closel 
says David Lee, vice president for research at 
the University of Georgia, Athens, one of the 


MARTIN ENSERINK, 
With reporting by John Travis and Jocelyn Kaiser 


wawwsciencemag.org 


HUMAN EVOLUTION 


New Fossils Challenge Line of Descent in Human Family Tree 


Ever since the famous fossil hunter Louis 
Leakey found a skull of Homo habilis in 
Olduvai, Tanzania, in 1960, researchers have 
thought that this 2-million-year-old hominid 


was the first 
Homo. This“ 
brain and association with flake tools ev 
ally convinced many paleoanthropologists 
that //, habilis gave rise to 17, erectus between 
2 million and 1.6 million years ago, in a neat 
line of descent that led to modern humans, 
Now, this gradual suecession that domi- 
nated textbooks for decades is bein, 
Jenged by none other than Leakey’s daug 
in-law and granddaughter, Meave 
Louise Leakey. This week in Nature, the 


Leakeys and their international collabora- 
tors describe the discovery of a ! 
recent upper jawbone of /7. habilis in Kenya 
that persisted until 1.44 million yea 
The team also found an older skull of 
H. erectus in the ion, which, taken 


together with earlier discoveries of this 
species, extends the time that the two types 
of humans lived in the same Lake Turkana 
basin to halfa million y 
tence makes it unlikely that H7. erectus 
evolved from /. habilis.” says paleontolo- 
nist Meave Leakey, an associate of the 
National Museums of Kenya in Nairobi. 

Half a 


million years suggests that we are dea 


rs. “Their coexis- 


Some other researchers agree. 


with two lineages, not one with a bit of over- 
lap.” says paleoanthropologist Bernard Wood 
of George Washington University in Wash- 
ington, D.C. But others question the identifi- 


cation of the jawbone as /7, habilis, given that 
eth. When it 
‘Homo habilis 
1 


it depends on three worn t 


comes to possible ancestors, 


is all we've got.” says paleoanthropol 
Philip Rightmire of Harva 
don’t see any compelling reason to reject this 
species as the antecedent to /: 

LH. habilis arose duri 
to 3 million y 


rd University 


no erectus.” 
time, 2 million 
when there isa 


the fossil record. As a result, no one 
where it came from or how it isrelated to the 
smaller-brained, more apelike australo- 
pitheeines such as the fossil Lucy, whose 
species Australopithecus afarensis lived 
3 million to 3.6 million years ago. 


H. erectus appeared about 1.8 million 
years ago in Africa and Asia, in both places 
with a la 
features. The lin 


+ brain and other more modern 
of H, habilis to H, erectus 


Gender gap? A tiny Homo erectus skull found in 
Kenya shows that the species had a huge variation in 
brain size, possibly due to sex differences. 


had seemed straightforward, even though 


atlier discoveries showed overlap betwee 
them. But the new discoveries on the east 
side of Lake Turkana in Kenya suggest the 
two coexisted forso long that they must have 
adapted to different niches, says Leakey. If 
so, the team concludes, it's unlikely th: 
1H. habilis gave rise to H. erectus. “The un 
line: 


picture, where you start with this 


re primitive thing and it gradu- 
and limb pro- 


portions—that really doesn’t work.” says 
co-author Susan Antéin of New York University 

A more likely scenario, Leakey says, is 
that both species arose from another. yet-to- 
be-identified ancestor. Several other fossils 
have been proposed as candidates for th 
role, but so far the evidence is “not satisfac- 


tory” to nail down a connection, says pal 
anthropologist William Kimbel of Arizona 
State University in Tempe. 

But Rightmire defends an early “habilis- 
like creature” as the most likely ancestor of 
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early I. erectus, Fossils of early 1. erectus 
that date to 1.7 million years from Dmanisi 
Georgia, show affinities with 11, habilis and 
k some traits that appeared later in 
1. erectus in Africa, suggesting that 
mone group of HL, hubilis 
inAsia and later migrated to Africa, Rightmine 
says (Science, 5 July 2002, p. 26). 
Meanwhile, the new skull of H, erectus 
from the Heret area east of Lake Turkana is 
revealing that this ancestor came in many 
“What is truly striking about this Fossil 
isits size,” says co-lead author Fred Spoor, 
University College London, 


H. erectusarose 


paleontologist 
With a cr 
timeters, it is the smallest //, erectus ever 


I capacity of just 691 cubie cen- 


found and is almost as small as some skulls of 
H. habilis. Yet itis not primitive or transitional 
from /., habilis: The new skull dates to 
1.55 million years ago, which “nicely shows, 
that there were bij 
fora long time 


H. erectus and little ones. 
says Anton, Because the 
jon is greater than that 
and female humans or 


worldwide varia 
between living mal 


chimpanzees but less than that between male 
and female: 
that male //. erectus might have been signifi- 
cantly langer than female 17, erectus 

The skull also shows features that had 
previously been seen only in Asian fossils of 
11 erectus, suchasa keelin 
frontal and parietal bones. These traits had 


prillas, some researc 


(or ridge) on its 


persuaded a growing number of researchers 
in recent years to split the fossils of 1. erectus 
into two species, with 17, erectus from Asia 
and H. ergaster from Africa, But the skull’s 
mix of traits shows //. erectus cannot be 
easily divided between two species from 
says Spoor. Kimbel and 


Arizona State graduate student Claire 
Terhune reached a similar conclusion after 
studying the temporal bones of 15 17, erectus 
skulls, in a paper published in the July issue 
of the Journal of Human Evolution. 

Others who have championed /1. ergaster 
are taking note. “The new cranium blurs the 
distinctionbetween //. erectus and, ergaster.” 
says Wood, “I am not willing to sell my 
shares in H. ergaster just yet, but Lam not 


rely 


‘on them for my retirement!” 
ANN GIBBONS 
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GENETICS 


High-Risk Glaucoma Gene 
Found in Nordic Studies 


Glaucoma ean be an insidious disease. It 
‘often develops painlessly, robbing its vietims 
of their sight so gradually that they barely 
notice at first. Conventional wisdom holds 
that a buildup of pressure in the anterior 
chamber of the eye causes the vision loss by 
damaging the optic nerve, But why that pres- 
sure increases for the most part remains a 
mystery. Now, researchers have a new clue to 


the cause of a common form of the eye dis- 
, one that’s particularly tough to tre 
In work published online this week 
in Science (www.sciencemag.org/cg 
content/abstract/ 1146554), a team led by 
Kari Stefansson of deCODE 
Genetics Ine. in Reykjavik. 
Jeeland, and Fridbert Jonasson 
of the University of le id 
reports the discovery of a 


gene variant that confers an 
extremely high risk of devel- 
oping exfoliation glaucoma, 
This form of glaucoma 
accounts for perhaps as many 
as 10% of all cases in the 
United States, yet it responds 
poorly to the current treat- 
ment of eye drops that lower 


pressure in the eye. The 
genetic find might lead to better ways to 
diagnose and prevent the stow descent into 
blindness. “I think its great paper... Peo= 
ple with this glaucoma have a much higher 
risk of going blind,” says Mary Wirtz, an 
expert in glaucoma genetics at Oregon 
Health and Science University in Portland. 
Stefansson and his colleagues found the 
ene using a genomewide association study 
4 method that is fast becoming the standa 
\way to track down disease genes (Science 
11 May, p. $20). This techniqu 
small variations in gene sequences known as 
single-nucleotide polymorphisms (SNPs) 
that occur in greater frequency in people 
under study—in this ease, 
ndie glaucoma patients—than in 
ed persons, One SNP variant stood 
‘out as being associated with glaucoma, 
& but only in the 75 people who had the exfoli- 
§ ation type. A subsequent study of a Swedish 
§ population confirmed the association. 
§ _Thisparticular SNP turned out to be only 
indirectly related to glaucoma risk, however. 
It’s located in a gene that makes an 
§ enzyme called lysyl oxidase-like protein | 


emtifies 


(LOXLI), but the SNP is ina so-called 
intron that doesn’t encode any part of the 
enzyme, Still, the enzyme made sense as a 
possible contributor to exfoliation gla 

coma, which develops when tiny flakes 
slough off the lens and iris of the eye. These 
eventually deposit in the trabecular mesh- 
work, a small structure that allows fluid to 
drain from the anterior eye chamber. Block- 
ing this drainage presumably produces the 
very high intraocular pressures. The exfoli- 
ated mate ins tiny fibrils of a pro- 
tein called elastin, which may be where 
LOXLI comes into play. The enzyme helps 


Damage signs. Exfoliation deposits appear as a rough peripheral ring 
around the anterior chamber of the eye (left, whereas in the view at 
right, the light central region indicates a deteriorating optic nerve. 


fibrils, so its malfunctic 


formelast 


jon glaucoma. 

Ina closer look at the gene, Stefansson and 
hiscolleagues tured up twomore SNPsasso- 
ciated with exfoliation glaucoma, neither of 
which was examined in the original screen. 
These two do appear to play a role in 
glacuma risk. They reside in the protein- 
‘coding portion of LOXL 1. and a person carry- 
ingboth of the highest risk variants is up to 
700 times more likely to develop exfoliation 


glaucoma as persons with low-risk variants 

The analysis showed, Ste 
he 
of exfoliation glaucoma 
Exactly how the changes to the LOXLI 
gene lead to exfoliation glaucoma remains 
tobe determined. Studies of animals geneti- 
ally engineered to have the hi 
risk versions of the gene should help clarify 
this issue, Stefansson says. Once that issue 
is resolved, it might be possible to develop 
\ways to correct the problem given that the 
And that 
ter day for some g 
“JEAN MARK 


fansson says, that 


int accounts for ... all or most cases 


eye is so accessible to treatment 
could mean a bt 
‘coma patients. 
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Educating India 
Over the nest 7 years, India plans to invest 
roughly $33 billion in new universities and 
institutes. The plan, announced last week, wil 
add eight elite Indian Institutes of Technology 
and 20 regional engineering colleges, along 
with scores of new research, computing, and 
management campuses. Indian Prime Minis 
ter Manmohan Singh said the system will be a 
“symbol of excellence” and emphasized his 
commitment to offer scholarships to increase 
the gross enrollment rate atthe college level; 
of Indias 1.1 billion population, only 9.2 mil 
lion are higher education students. The gov: 
‘emment has ordered a 50% hike in the start 
ing stipends for grad students and postdocs. 
PALLAVA BAGLA 


AWestern Slant? 


Young scientists from Western Europe were 
about three times more likely than Eastern 
European researchers to make the first cut in 
a grants competition in all disciplines from 
the new European Research Council (ERC). 
Last month, the ERC announced 559 finalists 
for the 250 so-called Starting Grants it plans 
to award before the end of the year, and only 
21 work in the mostly Eastern European coun: 
tries that have joined the E.U. since 2004 
Although some politicians might complain 
that their country is being slighted, Pavel 
Exner, a physicist at the Czech Academy of 
Sciences in Prague and a member of the ERC 
‘Scientific Council, thinks that the peer-review 
process did its job in sifting through the 9167 
applications. “The point is not fairness; the 
point is excellence,” he says. 

~GRETCHEN VOGEL 


Sonar Tests Halted 


The U.S. Navy plans to appeal a decision this 
week by a federal judge to halt use of so 
«called active sonar during naval exercises 
planned through December in the southern 
Pacific off the California coast, “Plaintiffs have 
established to a near certainty that use of 
[active] sonar during the ... exercises will 
cause irreparable harm to the environment,” 
‘wrote Judge Florence-Marie Cooper of the 
Central District of California, mentioning the 
Navy's own forecasted losses of beaked and 
ziphiid whales. The Navy says the 3 August 
decision, in favor of the Natural Resources 
Defense Council and allied plaintiff, will 
disrupt important antisubmarine training 

The judoe did not address the plaintiffs’ 
contention that the sonar is illegal under 
environmental laws, “ELI KINTISCH 
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U.S. SCIENCE POLICY 


Congress Passes Massive Measure 
To Support Research, Education 


In 2005, U.S. National Academies’ panel 
drew up blueprint for sustaining economic 
growth by strengthening the country’s 


research and educational systems (Science 
21 October 2005, p. 423). Last week, Congress 
adopted nearly all of its recommendations 


in a bill that prescribes new policies and 
programs at six federal agencies 

The academies’ report, titled Rising 
Above the Gathering Storm, named 20 pri- 


orities, putting more and better science and 
math teachers at the top of the list. It also 
called fora sustained boost in federal 
spending on research. especially for the 
physical sciences and engineering 
increased support for those plann 


and 
ag to 
become scientists. Congress folded 


most of those proposals into the America 
COMPETES (Creating Opportunities to 
Meaningfully Promote Excellence in Tech- 
nology. Education, and Science) Act, a 407-page 
leviathan that authorizes $43 billion over 
arch and traini 


3 years for dozens of re 


programs. It passed the House by a vote of 
367-57 on 2 August and, a few hours later, 
the Senate by unanimous consent. 

Part of the reason for the overwhelming 
support was that America COMPETES is 
not a spending bill that appropriates money 
for the next, or y 
an authorization bill that describes broad 
ncy should follow, specifies 
programs to achieve those goals, and 


policies an 


endorses a desired spending level. Itis the 
job of the appropriations committees to 
decide how much money will be spent in 
any particular year. 
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Appropriators are still working on the 
12 spending bills for the 2008 fiseal year 
that begins | October, The preliminary signs 
ood for the three ag the 
National Science Foundation (NSF), the 
Department of Energy's Office of Science. 
and the National Institute of Standards and 
Technology (NIST)—that are included in 
the president’s American Competitiveness 
Initiative (ACD. itself 
academies’ report, Still, the new legislation 
prop 

It puts NSF on a 7-year doubling track, 
for example. compared with 10 years under 
ACI, and increases many of its education 
Programs. including a huge jump in a 
$10-million-a-year program te 
arships to se 


response to the 


€ scho 
ence, math, and engineering 
undergraduates who promise to teach, 
declares that an NSF program partnering 
universities and local school distr 

complementary to one at the Department of 
Edu ther than redundant, 
Bush Administration has a 
expands DOE's role in elemer 
ondary school education, giving it the 


the 


uthority to create new science and math 
academies affiliated with its network of 
national labs. It authorizes a new version of 
an industrial research program at NIST that 
Republicans have long 

converting the Advanced Technology Pr 
gram to the Technology Innovation Program 
and starting it off with $100 million. It also 
creates grants for young scientists whe have 
failed in their first NSF submission, in 
hopes of bolster 


ng their chances of success 
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Preaching to the choir. Representative Bart Gordon 
speaksat a rally of business, university, and legislative 
supporters ofthe innovation bill that includes Norm 
‘Augustine (lft) and Rep. Vern Ehlers (far right. 


the next time around. The most controver- 
sial element is a new agency within DOE 
(see sidebar, p. 737). 

In addition to beefing up current efforts 
and creating a cornucopia of new programs, 
the legislation ties up some loose policy 
ends. It enshrines the social and behavioral 
sciences as an essential element in NSF's 
research portfolio, a rebuff to attempts last 
year by Senator Kay Bailey Hutchison 
(R-TX) and others to downplay their impor 
tance. And it orders the White House Office 
Policy (OSTP) 
to come up with a standard policy for all 


of Science and Technolog 


agencies on the dissemination of research 
results, a reaction to a spate of reports that 
entists have been hindered in pub- 
licizing studies that appear to contradict 
Administration policies on global warming 
and other hot-button issues, That will hap- 
pen, promises OSTP director and presiden- 
tial science adviser John Marburger. “We're 
and we'll do what 
Congress tells us to do.” he says, 
Legislators portray the bipartisa 
port for science as a matter of enlightened 
self-interest. “This bill will help us keep our 
brainpower advantage,” trumpeted Senator 
Lamar Alexander (R-TN), who shepherded 
the bill through three Senate panels, 
ing. a brighter future for our childn 
ply not a partisa £* noted Alexand. 
Tennessee colleague, Representative Bart 
Gordon (D-TN), whoas chair of the science 
committee played a similar role in the 
House. Even so, only three Republicans 
voted in favor of moving the measure to the 


federal se 


a science policy sho} 


heir ire over how 
ndled the proce- 


House floor, expressing 
the Demoe 
dural steps leading to the final vote. 

Why was the academies" report so influ- 
lar proposals to bolster sci- 
ence have fallen short in the past? The trick 
this time around, says Norman Augustine, 
former CEO of Lockheed-Martin and chair 
of the panel that produced the report, was to 
argue in terms that the public would under- 
stand. “We quit talking about the virtues of 
nce in the abstract and started talking 
about its impact on jobs.” he explained 
about the 2-year lobbying effort by univer- 
sity and industry leaders. “Everybody 
understands jobs.” 

Even one-time critics say that the final 


tic majority h 


legislation provides a useful road map 
for managing the country’s scientific 
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enterprise. “It’s good for Congress to say that 
STEM [science, technology. engineering, 
and mathematics] education and research are 
important,” says Marburger. “But we have to 
pay for this stuff, and this bill is way over the 
top in terms of authorized spending and the 
‘number of new programs, My concem is that 
‘when the time comes for Congress to appro- 
priate the money for each of these agencies, 
‘what will they choose to support? 


Gordon praised university and business 
leaders for being effective “cheerleaders” 
for the new legislation. But Augustine cau- 
tioned that their work is far from over. “Our 
biggest challen; sustain this coalition 
for the next 10 to 15 years, because it will 

ke that long for the new jobs to appear.” he 
predicts. “Still, you can’t finish if you don’t 

start, and that’s what this bill does. 
“JEFFREY MERVIS: 


New DOE Agency Sparks an Energetic Debate 


Can anew agency within the Department of Energy (DOE) give the country a technological boost 
to develop new energy sources? 

Last week, as part of a mammoth innovation bil (see main text, p. 736), Congress created the 
‘Advanced Research Projects Agency-Energy (ARPA-E) that would, as the legislation explains, 
Identity and fund “transformational technological advances that industry by itself isnot likely to 
Undertake,” To do that, the new agency's rotating program managers wil und risky projects with 
aggressive performance targets and timetables, an approach modeled on the Pentagon's DARPA. 

‘Supporters say that it’s important to keep ARPA‘E at arm's length from the rest of the depart: 
iment by keeping its funding separate from the $4 billion Office of Science. But critics say the new 
agency willbe, at best, a redundant layer of bureaucracy and, at worst, a drain on the agency's 
ability to fund basic research in the physical sciences. 

Representative Bart Gordon (D-TN), who as chair of the House Science and Technology 
Committee has pushed hard for the new agency, hopes ARPA-E will catalyze partnerships 
‘among universities, companies, and national laboratories. “ARPA-E will foster a much more dis 
tributed base of energy researchers and technology developers than you see today, with the 
result being a vibrant domestic energy technology industry and work force,” Gordon explained 
shortly after last week's successful vote, Last year Steve Chu, director of DOE's Lawrence Berke: 
ley National Laboratory in California, said the new agency could improve DOE science by fund 
ing “activities more applied than DOE basic-research programs and too basic for its applied 
research programs.” 

But others, noting current DOE efforts to patch such holes, are skeptical that ARPA-E is 
needed, "Iit’s] completely pointless,” says Joseph Romm, head of DOE’s renewable energy office 
during the Clinton Administration and no fan of the agency's current performance. “| don't know 
what DOE isn’t doing that ARPA-E would be doing.” Some observers also doubt that the new 
agency will help bring new discoveries to the market. “What it can do to further commercaliza 
tion is harder to see,” says Robert Fri, a former deputy secretary of energy who has led several 
National Academies’ studies of DOE's activities. “DOE's skills in managing large science programs 
and large applied-technology programs are not necessarily the right ones for the [new] job.” 

The COMPETES Act authorizes up to $300 million for the new agency in 2008 and “such sums 
‘as are necessary” for the next 2 years. But congressional appropriators haven't been enthusiastic 
about making more money available, and the current Administration may well drag its feet 
appointing a director, who must then be confirmed by the Senate. Earlier this year, President 
George W. Bush objected to a smaller and less independent entity that was part of the Senate bill 
(S. 761), expressing “serious doubts about the applicability of the national defense model to the 
energy sector.” ELI KINTISCHL 
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Breaking the Ice on Icebreakers 


Acampaign to build two new U.S. icebreakers 
is picking up steam. Last fall, a report from 
the National Academies sai the ships are 
needed to preserve full and timely access to 
the region for a host of missions, including 
the National Science Foundation's Antarctic 
research station (Science, 6 October 2006, 
33). And last week, a key Senate panel, as 
part ofa reauthorization of the U.S. Coast 
Guard, ordered the agency “to acquire or con: 
struct” the new icebreakers as part of its cur 
rent fleet, which includes two aging icebreak 
ts in need of major repairs, 

With melting ice promising to increase 
activity in the Arctic, the Bush Administration 
thinks the icebreakers are needed to maintain 
US. presence for economic and national 
security reasons, "I think a bill such as this 
makes a lot of sense,” presidential science 
adviser John Marburger told Science. Obser: 
vers say the Coast Guard would welcome 
such a directive, although it has not formally 
requested the funds from Congres. 

JEFFREY MERVIS: 


Progress on Virus Deadlock 


Indonesia threw global health officials into a 
panic last January when it stopped sharing 
HSN1 avian influenza samples with the World 
Health Organization (WHO), which has centers 
‘tun by the governments of the United King 
dom, the United States, Japan, and Australia 
{or virus analysis. Indonesia called unfair 
WHO's policy of passing viral samples on to 
pharmaceutical firms, asthe resulting vac 
cies developed are likely to be too expensive 
{or developing nations to use, 

Last week, at a meeting of technical 
‘experts from 23 countries held in Singapore, a 
solution was proposed: having WHO itself 
assume ownership of donated biological mate: 
rials, better positioning the organization to 
negotiate how those samples are used. The 
idea drew the support of “almost all coun: 
tries,” says Masato Tashiro, director of the 
WHO Collaborating Centre for Reference and 
Research on Influenza in Tokyo. He cautions 
that the details have yet to be worked out. 

WHO'S David Heymann says that even if 
WHO assumed ownership, it would stil provide 
viruses freely to vaccine manufacturers. He adds 
that WHO is working on mechanisms to ensure 
vaccines would be available to developing 
‘countries during a pandemic, but he doesn’t 
foresee a move to link vius sharing with vius 
benefits. The issue will be taken up at a meeting 
‘of WHO member states in early November. 

DENNIS NORMILE 
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AIDS RESEARCH 


Feud Over AIDS Vaccine Trials Leads 
Prominent Italian Researchers to Court 


Impassioned debates have swirled around 
several AIDS vace 


es, with proponents 


aggressively pushing for larger trials in 


humans and detractors contending that little 


evidence suggests that th 


ren approach 


will succeed. If no serious safety concerns 
exist, the issue typically comes down to 
eview committees, blue-ribbon 


money; p 
panels, or deep-pocketed pharmaceutical 
companies ultimately decide whether the trial 
receives the many mill 


ns of dollars needed. 
its of an AIDS. 
vaccine being developed by lian 
researcher, Barbara Ensoli of the Istituto 
Superiore di Sanita (ISS) in Rome, has 
wound up ina different venue: the courtroom. 


But a dispute about t 


Ensoli is suing another prominent Ita 
igator, immunologist Fernando Aiuti of 
the University of Rome “La Sapienza,” for 


what she contends is damage to her reputa- 


invest 


tion, Aiuti, a former collaborator of Ensolis, 
at he sees as critical flaws in 


has assailed w' 
the early clinical trials of the vaccine 


The feud raises serious questions about the 


boundaries of academic debate 
and the conduct of clinical trials, as 
‘well as how the Italian government 
sets its HIV/AIDS research priori 
ties, HIV co-discoverer Robert 
Gallo, in whose lab Ensoli worked: 


for many years, says her battle with 


Aiuti has caught the atten 
many Italian AIDS res 
who are frustrated that their g 


on of 
rehers 


ernment has committed tens of 
millions of euros to Ensoli’s proj 
ect while they struggle to find 
funding for their own work, “It’s 


disproportionate to the money 


available to other scientists,” says 
Gallo, who now directs the Inst 
tute of Human Virology at the Uni 
versity of Maryland School of 
Medicine in Baltimore. “That's the 
background to all of this, 


And there’s a dash of soap 
opera in the mix, too, given that 


Aiuti was once Ensoli’s mentor, 
employed her brother, collabo- 
rated with her former husband and 


former sister-in-law, and ran one 


of the centers that helped test her 
AIDS vaccine 
Roman infight,” says one Italian 
AIDS researcher who did not want 


It’s a classic 


to be quoted by name. 
be dragged into this: 
Ensoli has taken an unusual approach 10 
n AIDS vaccine. Most AIDS 
vaceines in development combine sever 
HIV genes or their proteins, but Ensoli has 
focused on one HIV protein, Tat, that h 
the virus produce more copies of itself, Ensoli 
hhopes that bolstering the i 


‘We are all refusing to 


developing 


yMune response to 
Tat can prevent infections and also help peo- 
ple who are already infected. Although Ensoli 


has reported some success in monkey studies 


i to gettir 


But scientific 
criticisms based on 

science is one thing and 
defamation is another.” 
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with her other 
labs that used different conditions have not 
“There's no body of 
data that suggests this vaccine will work,” 
says retrovirologist Genoveffa Franchini of 
the U.S. National Cancer Institute (NCI) in 
Bethesda, Maryland. Franchini, who collabo- 
rated on a monkey study of a Tat vaccine that 


t vaccine, studies by sev 


had the same success, 


failed and once worked with Ensoli in Gallo’s 
lab, adds, “I don’t think it has any chance. 
Gallo, who says Ensoli was a tireless worker 
in his lab, similarly believes her Tat vaccine 
has dim prospects, and he has long cautioned 
that the form of Tat in her vaccine could aetu- 
ally suppress some immune responses 

1 began in January 2004 when ISS 
launched phase I trials of Ensolis Tat vaceine 


The si 


to test for toxicity in both HIV-infected and 
uninfected people, Researchers conducting 
the two studies aimed to recruit 88 volunteers 


in 3 months. Few people initially volun- 
teered, and Aiuti 
other sites were allowed to continue enrolling, 
until the end of the year. But in November 
2004, over Aiuti’s objections, ISS decided to 
people into both trials, which 
al of only 47 participants. 
Although the trials were placebo-controlled 


stop enrolli 


then had a ta 


and the investigators were not told who 


received the actual vaccine, Ensoli backed 
the decision, she says, because 
ISS determined that the trial had 
met its endpoints: No serious 
safety issues had surfaced, and 
blood tests showed that a signiti- 
cant number of participants had 


developed immune responses to 
Tat 


“When you reach the end- 
it’s not ethical to continue 


al,* says Ensoli 
On 11 July 2005, inspectors at 


the Agenzia ftaliana del Farmaco 
(AIFA)—Italy’s equivalent of the 
US. Food and Drug Administra- 
tion: feport about 


wrote a harsh 
the conduct of the clinical trials, 


hight “critical devi= 


ighting sever 

ions” from the original proto- 
col. In addition to noting that 
researchers had not enrolled the 
number of people specified and 
amendments (0 
AIFA’s 
inspectors reported that clinicians 
had difficulty removing all of the 


had failed to se 


change the protocols, 


vaccine solution from the vials, 
making it technically impossible 
in 70% of the cases to administer 
the specified dose 

Aiuti, who says he received a 
copy of the document from several 


ven. sciencemag.org 


government off re 
lawsuit that he had no right to share this con- 
fidential document with them, Aiuti counters 
that no one told him it was confidential and 
it was his duty to report the serious find- 
ings to officials 

Ina 26 July 2005 letter 
Nello Martini accepted ISS's explanations, 
writing in a letter addressed to Ensoli, ISS 
officials, and a company hired to oversee the 
studies that neither the change in enrollment 
nor the problem with the vaccine itself 
compromised the trials, which he wrote 
indeed hit their endpoints, 

Aiuti stepped up his efforts to inform the 
media, public officials, and colleagues about 
What he saw as the shortcomings of the trials, 
“It’s not enough to say there are no prob- 
Jems," insists Aiuti, who says he believes that 
Martini too readily dismissed the deviations 
that his inspectors found, “Just the word of 
the AIFA director is not enough. All the data 
of the four inspectors were very specific 
There is nota single reply from any of the 
inspectors.” Ensoli says the assertion that 
Martini does not speak for his inspectors 
is ludicrous, “It’s totally untrue,” she says, 
Martini did not respond to e-mailed ques- 
tions about Aiuti’s allegation 

Ensoli was particularly perplexed that 
Aiuti suggested in a letter to the health minis- 
ter that conflicts of interest compromised the 
study. Ensoli’s brother was appointed to run 
the core lab, and her brother’ ex-wile helped 
run the clinical trial, “We all come from 


AIFA Director 


[Aiuti’s} lab, which is funny.” says Ensoli. 
“When we were all working in his lab, every 
thing was okay, When we left it was conflict 


of interest, which is totally erazy 

Despite Aiuti’s complaints, Italy's Ministry 
of Health and, separately, Ministry of Foreign 
Affaits decided to invest heavily in staging 
larger phase I studies of the vaccine in both 
Italy and Africa, In a December 2005 press 
release quoted in Ensoli’s lawsuit, Htaly’s 
then-minister of health claimed “there has 
never been an AIDS vaccine, as we can see in 
research from the whole world, which fas seen 
suich success during research.” In all the Italian 
government committed €21 million for 
expanded trials in Italy and another €31 mil- 
lion for an extensive AIDS program in South 
Africa that includes phase 1 trials of Ensoli’s 
vaccine. None of this funding was subj 
peer review, though Ensoli notes that the de 
sions were based on results from the phase 1 
studies and that a scientific committee at ISS 
reviewed the data Aiuti, not surprisingly, thinks 


10 


wwwsciencemsg.ora 


ne should 
move to phase It 

Ensoli fi against 
Aiuti this May. She alleges that 
he “went beyond the 
his legitimate right to criticize” 
and damaged her reputation, 
citing a newspaper article that 
is headlined “Aiuti: AIDS Vaccine a Trick to 
Find Funding.” (Aiuti denies he said any such 
thing, and the article does not directly quote 
him making that statement.) Ensoli further 
cchanges that Aiuti “overstepped the line in crit 
icism” in other statements to the press that 
derided the decision to stop enrollment, She 
alleges that his “inappropriate use” of the 
AIFA report was a “malicious diffusion of 
false information,” and she charges that he 
spread “false information about her supposed 
use of privilege to involve members of her 
family in the research program.” The suit con- 
cludes with an Aiuti, ina 
“wholly arbitrary and unlawful fashion, 
wrote the ministries of health and foreign 
affairs to “denigrate” her work. 

Ensoli is seeking €2.5 million for dama 
to her reputation and the resultant loss of 
income from speaking eng: 
you's 


you're very well used to 
.” says Ensoli, “But sci 
criticism based on science is one thing and 
defamation is another.” Aiuti, she charges, is 
not making a good-faith attempt to enitique 
these studies. “There was an intention to 
sabotage here.” claims Ensoli 

Aiuti sayshe has “nothing personal” against 
Ensoli and was surprised that she sued him, but 
he emphasizes that he hasnot changed his opin- 
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Criticism is less tolerant” in the Italian 
scientific community than elsewhere. 

“I don’t think tl 
move to phase II trials. 


vaccine should 


ernando Aiuti 
versity of Rome “La 


ions. “Criticism is less tolerar 
scientific community than elsewhere, he 
“The Latin mentality isin part responsibh 

Glenda Gray, who heads a unit at Chris, 
Hani Baragwa 1in Soweto, South 
Arica, that is considering conducting phase Il 
studies of the vaccine, contacted Ensoli after 
learning of Aiuti’s concerns to inquire about 
enrollment and other issues, Ensoli replied in 
aan e-mail that she thought Gray was “acting 
like a court of law." Gray wrote back that she 
construed this as “threats of legal action’ and 
decided to forward the matter to her institu- 
tional review board, which she told Science 
will now try to get to the bottom of what she 
sees.as the biggest outstanding question: Why 
\was enrollment stopped so abruptly”? 

Ensoli says phase 11 therapeutic studies 
will start in Italy during the next few 
months, and she’s now making a second- 
neration preventive vaccine that will con- 
nthe HIV envelope protein as well as Tat. 


The iuti is slated to 
come to trial in October, and ISS leaders 
urged its board of directors in a 17 July 


inst Aiuti to 
end its own image and professional rep- 
k payment of the dam 
has suffered.” Aiuti says he may counters. 

“JON COHEN 


memo to file a separate suit ag 
“del 
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The Fellowship 
Of the Hobbit 


Adversaries jma debate with momentous implications—~ 
whether a tinjhumap fossilfound in Indonesia isa newy 


nd. Buk pie 


species—mulled freshata on allow 


FLORES, INDONESIA—Liang Bua cave, as big 
as a concert hall, with a domed ceilin 
giant stalactite fora chandelier, thrums with 


anda 


he din of a portable generator and excited 


conversation in many la -. Fifty anthro- 


pologists plus a retinue of villagers, police, 


and curious children mill about in coo! air that 
smells fa 


The re 


atly of damp rock and cigarettes. 


archers are on ap round 


zero of one of the most contentious debates in 
human evolution. Here, in 2003, the skull and 
skeleton of a meter-tall adult woman were 
unearthed. Ever since, experts have sparred 
over the “hobbit” Is it an astonishingly pei 

itive species with a tiny head, dubbed Home 


Noresiensis, oF a diseased member of our 


species, H. sapiens? 

The stakes are high. A new species 
shakes to the core ideas about the defining 
role of big brains in our genus and about 
relations among hominids. The hobbit bones 
are dated to as recently as 12,000 years ago. 


so the diminutive hominid must have lin- 
gered on Flores for thousands of years while 
modern humans colonized nearby islands 


The tiny human suggests that b 


rains 


aren’t required for making tools—and, 
according to a theory proposed by the hob- 
bit's discoverers, may imply that the first 


hominid migrated out of Africa far earlier 
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nyone had thought. “Floresisthe thorn 
in the flesh. [It implies] that we have to 
rethink everything,” says anthropologist 
Marcia Ponce de Leén of the University of 
Zurich in Switzerland. 


The visit to Liang Bua cave was the cul- 


‘mination of an unprecedented gathering” of 


the hobbit’s discoverers and their critics, sev~ 
eral of whom had battled fiercely in print 
and on film but had never met in person, For 
the most part, adversaries were on their best 
bel thered for 


jor, like feuding relatives 


a reunion. Conference organizer Teuku 
cob of Gadjah Mada University in 


rational Seminar on Southeast Asian Paleo: 
opology, 22-29 July, Yogyakarta, Indonesia, 


Field captain. Co-discoverer Mike Morwood 
defended his team’s view of Homo floresiensis. 
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diseased I. sapiens, Two years ago, he bor= 


rowed the bones for study over the objec- 
tions of co-discoverer Mike Morwood of the 
University of Wollongong, Australia: some 


of the bones were broke! 
March 2005, p. 1848), But 
Jacob was unfail 


upon return 


(Science, 2 
ngly smiling and polite to 
all, and Morwood made a point of speakit 
to each critic, Still, divisions run deep, 
among both Indonesi 

At the meeti 


sand foreigners, 


funded generously by 
businessman and philanthropist Hashim 
Djojohadikusumo, who paid for the 
and five-star accommodations for all pr 


ers, researchers heard much of the latest 


thinking on crucial aspects of hobbit science 
cology to an (unsuccess 
rendek,” mythical 
ids say once 


and lore, from 


ful) hunt for living “ora 


roamed Flores. The critics, most of whom 
unshaken in their 


were in attendance, we 


belief that the hobbit isa pathological modern 
human, perhaps one who suffered from 
microcephaly, a disorder that results in a 
tiny head, or froma growth hormone inset 
sitivity called Laron syndrome. 
Meanwhile, a growing number of those 
workin al of whom 
were not invited or chose not to attend, are 


on the bones, se 


Cave exploration. Liang Bua, home of the “hobbit” 
(inset), swarms with researchers. 


convinced that they are dealing with a new 
phenomenon in human evolution, “This is a 
different species for sure.” says William 
Jungers of Stony Brook University in New 
‘York, who is working onthe skeletal bones but 
‘wats not invited, “There is no pathology that 
recapitulates early hominid morphologies and 
proportions.” Others haven't made up their 
minds, pethaps in part because the bones 
themselves were deemed by the Archaeologi- 
cal Institute in Jakarta to be too fragile to send 
to the conference for viewing, “It was a pity 
we didn't see the fossils.” said Zhao Lingxia of 
the Institute of Vertebrate Paleontology and 
Paleoanthropology in Beijing, as she picked 
up her baggage after the last trip. “Lam not 
sure what [the hobbit] is.” 


Reading the bones 
Even for scientists steeped in the mysteries of 
the hobbit the seminar offered surprises. One 
swas from archaeologist Carol Lentfer of the 
University of Queensland in Brisbane, Aus- 
tralia, who analyzed residues and polish on the 
cedyesof stone tools found in Liang Bua. Under 
the microscope, substances such as animal 
hide, wood, and plant materials leave telltale 
traces on stone. Because the tools were found 
nnearanimal bones, especially baby pygmy ele- 
phants called Sregodon, researchers had 
inferred that the litle people used the tools to 
process meat, But to Lentfers sumprise, most of 
B the tools she examined were used for working 
‘with woody and fibrous plants, perhaps tocratt, 
spear shal of wood or bamboo or items like 
traps. “It looks like a toolkit for making other 
& tools. she said in her talk. 

‘Whatever the tools were for, same experts 
aren't sure that hobbits made them. James, 
Phillips of the Field Museum in Chicago, I- 
nois, has argued that long, narrow blades 

E removed sequentially from blade cores are too 

sophisticated to have been made by anyone 
other than a member of our species. That 
means that the hobbit must have been part of 

§ 1/1, sapiens population, he said. Harry 

 Widiamo ofthe Centre for Archasology in 
Jakarta also believes thatthe tool kit belonged 
toourspecies. The tools were made with“very 

§ high skill" he said. and resemble artifacts 

E found in other Indonesian eaves, including 
those occupied more recently 

: But every shred of hobbit evidence has 

2 

8 

i 

g 


contlicting interpretations. Morwood and two 
colleagues—hobbit excavator Thomas 
Sutikna of the Centre for Archaeology and 
archaeologist Mark Moore of the University 
of New England in Armidale, Australia, who 
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did his Ph.D. on the artifacts—don’t agree 
that they are sophisticated. Moore, who was 
not invited to the meeting. told Science that 
although “blades”—flakes twice as long 
as they are wide—are found at Liang Bua, 
there is no evidence that they were flaked 
deliberately, as seen in classic H. sapiens 
tools. “These are simple stone artifacts.” 
agrees Sutikna, 

When it was Morwood’s turn at the 
podium, he emphasized the evidence against 
the theory that the hobbit was a modern 
human. His voice crackling with intensity, 
Morwood reminded colleagues that the 
famous skull and skeleton known as LB1 is 


Brain Size in Homo Older Than 10,000 Years 


‘cranial capacity (cbc on) 


[Misfit The hobbit’stiny brain (in ed, top) stands out 
when plotted with those of other hominids; dscover- 
ers say it evolved on Flores thanks to currents that 
‘solated the island (bottom). 


not alone. To date, the team has found an adi- 
tional jawbone plus various bones of the leg. 
arm, and shoulder, all petit, from different lay- 
ers, “We have a minimum of 12 individuals 
going back to 93,000 years azo.” he said. 
“That's twice the accepted date for HZ sapiens 
in Southeast Asia and Australia. Twice the 
accepted date, okay’?” He adds that the hobbit 
layers show no traces of pigments, ornaments, 
or formal burial—all signs of 1, sapiens that 
are found in the cave's upper levels. 

Monwood also underscored the similari- 
ties among the hobbit bones. “The radiuisand 
leg bones in the deeper deposits have the 
same unique characters as seen in the higher 
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levels.” he said. Because it’ highly unlikely 
that only diseased individuals died in the 
cave over thousands of years, the additional 
specimens rule out pathology, he said, But 
critics have argued that, except for the tiny 
brain, some hobbit traits are also seen in liv- 
ing Southeast Asians and so aren’ 
either pathology or a new species 
25 August 2006, p. 1028). 


Not the brainiest 
For others, no trove of skeletal bones can 
compensate for the puzzle of that puny 
brain. Short stature alone does not mean that 
it isa distinct species, as small stature is 
known from living pygmies, ineluding those 
in the village of Rampasasa near Liang Bua, 
say Jacob and others. But pyzmies have 
brains nearly the same size as those of other 
modern humans. The minute brain that 
would have fit inside LBI's skull was only 
400 cubie centimeters, compared to the 
roughly 1350 cubic centimeters seen on 
average in living humans (see graph). 
“Flores falls outside the range of anything | 
have seen before,” said Robert D, Martin, 
palcoanthropologist at the Field Museum. 

Martin and other presenters suggested that 
LBI was diseased, perhaps suffering from 
‘microcephaly, Laron syndrome, or both, The 
Laron’s hypothesis debuted in the hobbit 
debate on 27 June, ina paper published online 
in the American Journal of Physical Anthry- 
pology by a trio from Tel-Aviv University who 
‘were not at the meeting: Israel Hershkovitz, 
Liora Kornreich,and Zvi Laron, discoverer of 
the disease, Their paper lists Laron’s symp- 
toms—although with few measurements 
that are also seen in hobbits, including pillars 
of bone near the nose, a short clavicle, a 
curved tibia, and an upper arm bone who 
top end is not twisted. Some of these traits 
have been considered signs of a primitive 
ancestry for H. floresiensis. “All [Laron’s} 
patients share battery of traits, which they also 
share with Homo floresiensis.” Hershkovitz 
and Laron told Science. 

‘At the meeting, Dean Falk of Florida State 
University in Tallahassee, who has concluded 
from computed tomography (CT) scans of the 
skulls of LBI and microcephalies that the 
hobbit is a new species, tackled the Laron’s 
hypothesis head-on, Hershkovitz and col- 
Jeagues note that many Laron’s patients also 
lack the sinuses of normal human head, And 
although in most people the texture of the 
mastoid process—the bony bump behind the 
ear—is spongy and air-filled, in Laron’s 


patients this bone is dense. CT scans of LBI's 
and a 


skull show that it has normal sinus 
porous mastoid process, Falk said. 
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think LBI comes close to looking like their 
description of Laron’s.” she said firmly 
Hershkovitz responds that some Laron’s 
patients do have normal sinuses, and so their 
presence does not disprove the hypothesis. 


Istand living 
Ifthe hobbit is a new species, who were its 
ancestors? Morwood's team once postulated 
that 1. loresiensis evolved from H. erectus, 
the first human ancestor known to have left 
Africa, Dozens of 1. erectus specimens have 
been unearthed 
But the team now argues fora more radical 
idea of the hobbit’s origins: a “pre-erees 
ancestor" —a small-bodied. small-brained, 
primitive hominid, which shrank further 
one on Flores. In her talk analyzing the 
skull and jawbones, Debbie Argue of Aus- 
tralian National University in Canberra 
proposed that the hobbit shared an 
ancestor with 2-million-year-old 
H. habilis (see p. 733). 

When asked by colleagues, Morwood 
referred to unpublished work presented at 
recent meetings that unites 11, floresiensis 
with early Homo or with the even more 
ancient australopithecines, He ticked off a 
few key features: an odd shoulder joint 
(Science, 19 May 2006, p.983), wrist like 
that of an ape (Science, 6 April, p. 34). and 
primitive feet. Jungers agrees that the hob- 
bit “has australopithecine limb proportions 
and australopithecine/ape wrists and 
tarsals.” Given these primitive traits, 
Morwood argues for a very 
ancestor. “I believe now that they split 
from us 2 to 3 million years ago,” he said 
at would imply that an aust 
or very early Homo, rather tha 
\wats the first hominid to leave Africa. 

Skeptics are unimpressed. For starters, 
they point out that there is no evidence of 
the hobbit lineage for those millions of 
years. “If you go back that far, where are all 
the intermediates?” asks Martin. 

Other scientists, including those con- 
vVinced that the hobbit is a new species, think 
it may be premature to eliminate /1, erectus 
asa possible ancestor. To date, the most com- 
plete 74. erectus skeleton published is much 
larger than //, floresiensis, but there are 
other, smaller skulls of the species. particu- 
ly from the 1.7-million-year-old site of 
Dmanisi, Georgia 

And evolving into a smaller form on an 
island is a common phenomenon in other 
mammals. In his talk. paleontologist John de 
Vos of the National Museum of Natural His- 
tory in Leiden, the Netherlands. gave a 
whirhvind tour of such istand dwarfing. On 
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islands from the Mediterranean to Southeast 
Asia, some large species such as elephants 
and hippos shrank while others such as rats 
and hedgeh 


evolved into giant forms, 
the available ecological 
relict lineag 
de Vos added: that hark back to 
primitive ancestors. In his view, animal and 
hominid bones from Flores fit this patter 

Dwarf island forms are also often pedo- 
‘morphic, in that they retain childlike traits into 
adulthood, de Vos said. Thus on islands, adult 
elephants, hippos, and deer retain short snouts 


‘Meeting of the minds. Excavator Thomas Sutikna (bottom, 
{e{0 showed off artitacts in Liang Bua; conference organizer 


Teuku Jacob (top) did not visit the cave 


and short legs. This could be w 
HL. erectus-like ancestor on Flores, he spec 
ulated, for many of H, floresiensis’s peculiari- 
ties appear to be pedomorphic: the lack of 
twisting at the top of the arm and leg bone, a 
flat face. and short legs. Christoph Zollikofer 
of the University of Zurich, who works with 
Ponce de Ledn on the #7. envenus fossils from 
Dmanisi, compared them to the Flores bones 
and independently came to the same idea: 
“Homo floresiensis can be understood as a 
pedomorphic. dwarf erectus.” Zollikofer said 
of island dwarfing makes 
Stor, 


it happened to 


sense, even if'starting fromasmaller 
said Morwood. 


Yet skeptics aren't swayed by the dwarfing 
evidence. Martin argues that mammalia 
brainsare unlikely to shrink to the same degree 
as their bodies during dwarfing. “Weird things 
happen on islands, but not that weird” he said, 
Heand de Vosare considering a joint project to 
probe dwarfing and brain size. 

The controversy may rage until more fos- 
sils emerge—and new specimens may notall 
come from Liang Bua. Given ocean current 
patterns, Morwood thinks that /7, floresiensis 
might have originally been swept to Flores 
from Sulawesi, and he’s planning to dig there 
to find out. On many Southeast Asian 
islands, says de Vos, exeavations stopped 
at layers dated to the beginning of our cur- 
rent Holocene Epoch, about 11,000 years 
ago. Morwood found the hobbit “because 
he dug deep.” says de Vos. “The mes 
for the future is, dig a very deep hole.” 
Eusebio Dizon of the National Museum of 
the Philippines in Manila, for one, is eager 
to excavate, “In the Philippines, we have 
Stegodon, giant rats, and 
turtles.” he said. “It is perhaps just a mat- 
ter of time until such species [as the hob- 
bit] appear 

Researchers on both sides are also pin- 
ning their hopes on DNA. Genetic data 
could establish or rebut the existence of a 
new species, test the Laron’s hypothesis, 
and perhaps even identify a mechanism of 
dwarfing. Previous attempts at retrieving 
DNA from hobbit bones failed, but clean 
sampling will be done immediately at the 
site if more bones are found, Morwood 
says. “The issues won't be resolved here at 
the meeting.” he adds, 

Nor were they resolved on the brief visit 
to Liang Bua cave, where Morwood and 
Sutikna recounted this year’s excavations to 
handful of colleagues, pointing to two pits 
the size of telephone booths, shored up with 
‘wood and with stratigraphic layers neatly 
revealed on the sides. In one excavation, the 
team had just struck a layer of a whitish vol- 
tuff dated to 12,000 years ago that they 
say runs through the cave. Yet skeptics such as 
the Field Museum's Phillips say cave stratig 
phy is notoriously hard to decipher, and they 
aren't ready toaccept the dates. 

ater, after the visiting scientists troop out 


priest and a few 
dozen of his flock who have come to sing and 
pray forthe excavation’s success, After the last 
hymn, the worshippers file out, and Sutikna 
and the crew clean up. The next day they will 
dig deeper, continuing their quest for more 
tiny bones with big implicatio 
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The Big Chill 
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Lowering the body's temperature improves the chances of surviving a cardiac arrest 


and other types of trauma; 
understand why and for whom it works 


PITTSBURGH, PENNSYLVANIA—In the first 
frantic minutes after a trauma victim rolls 
through the emergency room double doors at 
the University of Pittsburgh Medical Center, 
the medical team employs an arsenal to keep 
the patient's temperature up. The trauma 
rooms hold warm blankets and heated saline 
fluid in a small silver cabinet. Blood often 
runs through a warming device before a 
transfusion, Heat lamps glow next toa bulky 
Mf 


machine. 

Keeping warm helps protect the 
immune system and sustain blood clotting, 
but for the most grievously wounded, that’s 
often not h. More than 90% of 
patients with massive bleeding who lose a 
pulse will die—a figure that has remained 
stubbornly high. “What we do doesn’t 
work" to save these people, says Samuel 
Tisherman, a soft-spoke ced 
at the medical center. And so, asa last-ditch 
effort, Tisherman, who has spent nearly all 
his life in this industrial city, wants to try 
something radical: Jettison warming, and 
put the critically injured who have lost cir 
culation into a deep freeze of sorts. giving 
surgeons time to repair the wound. Infusing 
and draining up to 20 liters of cold saline 
fluid will plunge a patient's body tempera 
ture from 37°C to less than 10°C, “pick- 
ling” him, in the words of one researcher. in 
order to bring him back to life. 

AAs drastic as it sounds. hypothermia 
albeit not normally this profound—hashad a 
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ut as cold therapy expands, researchers are struggling to 


lengthy. bumpy history in emergency medi- 
cine. At its core, the aim is to push the outer 
ts of survival. “When I was training, 1 
learned [that] after 4, 5 minutes [without 
oxygen}. the brain would die,” says Lance 
Becker. director of the Center for Resuscita- 
tion Science at the University of Pennsylva- 
nia. With hypothermia, he says, “many of us 
are beginning to think it’s possible to shift 
that” to 10 minutes and beyond. “We don’t 
really have a fix on what death is” or wher 
it’s irreversible, says Becker. Although it 
clear exactly how and why hypo- 
a works, physicians are using it 
assortment of maladies, 


against a 


Mild hypothermia improves survival of 


people experiencing cardiac arrest and 
infants deprived of oxygen before birth 
Clinical trials are testing it im head injury and 
stroke, and a vast European study is gearing 
up to refine hypothermia’s effects in cardiac: 
rest victims. Tisherman hopes that his 
much colder, profound-hypothermia trial 
will open within a year or so. 

Bur there have also been high-profile 
failures and some safety concerns. a 
reminder of how much is left to learn. One 
considered especially promising for those 
with brain trauma, hypothermia has proven 
unexpectedly fickle in this population. Ithas 
also proven exceptionally difficult to test in 
people. especially in the United States, 
where strict informed-consent guidelines 
mean that emergency-medicine trials are 
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developed at what researchers contend is a 
glacial pace. 


Beginnings 

“Tremember as resident, we had p 
hypothermia for a week or long. 
Patrick Kochanek, a pe 
specialist who directs the Safar Center for 
Resuscitation Research at the University of 
Pittsburgh. In those days in the early 1980s, 
Kochanek was at Children’s Hospital San 
Diego in California, and youngsters with 
de juries were routinely 
cooled to 30°C, and sometimes less, for 
days, a trend that began in the 1950s, Pedia- 
tricians led the hypothermia charge, inspired 
by stories of children who had drowned in 
ud been revived. “Everyone 
had their one miracle case of an amazing 
recovery.” says Kochanek, 

But cooling in brain injury was largely 
abandoned after life-threatening complica 
tions surfaced, including pneumonia, car- 
arrhythn J blood-clotting prob- 
Jems, Hypothermia continues to be used in 
many heart and brain surgeries to protect 
ing room, “we apply 
efore we deprive the system of 
not after, which has different 
4s, Says Hasan Alam, a trauma surgeon 
at Massachusetts General Hospital in 
Boston. The controlled conditions in sur- 
gery are also world apart from the ehaos in 
the emergency room 

The hypothermia field revived when a 
number of labs made a fortuitous discover 
For neurosurgeon Guy Clifton, now at the 
University of Texas Health Science Centerin 
Houston, the insight came one winter in the 
mid-1980s while he was testing drugs in 
gerbils to prevent cell death during stroke. 
Animals in the control group, whose brains 
‘ought to have been seriously damaged, kept 
throwing off the experiments by staying 
healthy. The building in which Clifton was 
working was 100 years old and drafty, He 
found that ils’ body temperature had 
dipped 2°C—enough, it turned out, to pro- 
tect them, “It was better than any drug we 
ever looked at.” he says now 

A group in Miami made the same 
chance observation in rats, and another in 
Pittsburgh found similar responses in 
dogs. It dawned on the community that 
hypothermia need not be deep to be 
potent. “It wasn’t just one laboratory 
showing that this works, it was almost 
everybody.” says W. Dalton Di 
neuroscientist at the Universi 
in Florida, one of the discoverers. Cooling 
a few degrees kept brain cells from dying 


atric critical care 


ice-cold wat 
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Its far from clear why, Hypothermia slows 
metabolism and lowers the body's demand for 
‘oxygen, which is especially useful in cases of 
ischemia, in which blood supply stops and 
there's little oxygen to be had. Hypothermia 
may also inhibit a destructive cascade of mol 
ecules that surge through brain cells after 
someone is resuscitated, Starting the heart up 


afier a minutes-long pause can do serious 
hamn to the brain, causing inflammation and 
damage from free radicals —a process called 
reperfusion injury. Reperfusion “adds a great 
insult to the injury” of ischemia in cardiac 
arrest nd stroke, killing any 
days, says Stephen Bernard, a critic 
specialist at Alfred Hospital in Melbourne, 


care 


Australia. It is precisely this type of cellular 
death some scientists believe hypothermia 
can prevent, 

But scientists are now finding that mild 
hypothermia, defined in humans as cool- 
‘rom 37° to about 33°C, has more 
need effects. “The assumption for 


nu 
many years was that hypothermia was pri- 
marily downregulating metabolism” and 
downregulating gene expression, says 
David Beiser, a 
physician and biome 


ney-medicine 
ineer at the 
Mlinois. “But 


University of Chicago 


1g clumps of cells or mice in shock 
from massive bleeding. just as many genes 
increased expression as deci 
presented his findings at a June meetin; 
is preparing them for publication 
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Crude beginnings. A bathtub full of ce was one ofthe eariest ways doctors induced hypothermia in the 1950s. 


When the heart stops 
As happens often in medicine. clinicians 
are concentrating more on how to use 
hypothermia than on understanding why it 
might work. “Our focus has always been on 
‘outcomes, not on what various molecules 
are doing,” says Tisherman, This goal- 
driven mentality runs deep in the field, in 
part because of the man who shaped it 
Peter Safar. widely considered the father of 
CPR and a believer in hypothermia long 
before it was in vogue. 

The animal studies showing benefits from 
mild hypothermia immediately prompted 
clinical trials. One of the first was led by 
Fritz Sterz, a parame 


medicine doctor who had 
Pittsburgh with Safar. 

at Vienna General Hospital 
Austria, where Sterz returned after his 
Pittsburgh sojourn, was a decidedly low-tech 
enterprise. Sterz invited over the local fire- 
ters, who 


‘nt 3 years at 


ventilators into his emergency room and 
blasted ice-cold air onto’ 
arrest victims. That lower 
ture 2° to 3°C. Sterz later g 
mattress blowing cold air, which dropped 
temperature by up to 5°C for 24 hours. 
‘Simple as it was, the technique saved lives. 
Inaclinical trial run by Sterz with 273 patients, 
41% of those in the hypothermi 
within 6 months, compared with 
conirol group. A second cardiae-arrest trial in 
Australia led by Bernard found that 49% of 
patients given hypothermia survived with 
‘minimal disability, compared with 26% in 


conscious cardia 


VOL317 SCIENCE 


the control group. (Bernard wei 
packs around his patients.) Both studies 
appeared in 2002 in The New England 
Journal of Medicine 

A 2005 study described equally com- 
pelling outcomes for babies deprived of 
oxygen before birth—a condition that 
affects the body much like a cardiac arrest 
Among more than 200 newborns in the 
study, half were cooled to 33°C for 72 hours. 


Forty-four percent of those treated with 
hypothermia died or survived with sig- 
nificant disabilities. As grim as that sounds, 
the number was worse in the group that 
received standard treatment: 62%, or a dif- 
‘of 19 babies. 

ished that they were able to 
show I effect,” says Kochanek 
Some of the infants could have been 
deprived of oxygen for a day or two before 
birth, The cardiae-arrest studies, further~ 
ested that doctors had been wrong 


fren 


was asto 


benefie 


more, suge 
inthinking brain damage was inevitable after 
more than $ minutes without oxygen, 


Aknottier test 
The next frontier, treating brain injury, has 
been far more difficult to cross. This is sur- 
because it's brain cells that seem to 
fit most when hypothermia is used 
ape 
Hutchison of the Hospital for 
into, Canada, concedes 


prisin 


his trial of 225 children 
i injuries detected no benefit 
from hypothermia, # finding he first pre- 
sented ata June meeting in Switzerland, This 
is consistent with an earlier head-injury trial 
of almost 400 adults, led by Clifton, which 
also flunked the hypothermia test. 

The failures are of special concern because 
hypothermia is not harmless. The larger of the 
rest trials, for example, saw more 
sepsis among treated patients (hypothermia 
depresses the immune system), more bleeding. 
and more cardia arrhythmias. These were not 
considered significant, but they have long been 
associated with cooling. Perhaps the greatest 
risk comes not from cooling itself but from 
rewarming, which can sink blood pressure to 


two cardiac 


life-threatening lows. 

Why the dispiriting results in the head- 
injury trials? One possibility is that, whereas 
ischemia from a cardiac arrest briefly shuts 
down oxygen to the entire brain, “traumas a 
dirty disease" says pediatric neurosurgeon 
P. David Adelson of Children’s Hospital of 
Pittsburgh. Traumatic brain injury can mean 
multiple injuries to different parts of the 
brain, or be combined with trauma elsewhere 
in the body. That variability is not reflected in 
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lab studies, in which hypothermia has per- 
formed so impressively, There. “you hit a 
group of animals in the same place with 
exactly the same force’” says Hutchison. 

Another theory is that different injuries 
provoke different forms of cell death, and 
hypothermia may be more suited to prevent- 
ing one form than it is another, For example, 
the apoptotic death of cells observed after a 
cardiac arrest, in which cells “self-destruct.” 
may be more amenable to hypothermia than 
th in head injury, 
says Kochanek, 

None of these ideas persuaded Clifton, 
\who was baffled by hypothermia’s lackluster 
showing in his head-injury trial, But parsing 


otic cell death see 


the data, he noticed that younger people 
whose bodies cooled spontaneously right 
after injury—a common effect of head 
trauma—and who then received hypothermia 
fared better, This suggested that early cool- 
ing could be key 

Narrowing his focus, Clifton has 
launched a second head-injury trial with 
$15 million in funding from the National 
Institutes of Health (NIH) in Bethesda, 
Maryland. He aims to enroll 240 people 
under age 45 and cool them within 2 hours 


of injury. Where possible, paramedics 
infuse chilly IV fluids in the helicopter en 
route to the hospital 

This time constraint presents a sticky prob- 
lem: It's rarely possible to obtain infor 
consent so quickly 
from a patient's fam- 
ily. Relatives might be 
difficult to locate, or, 
inthe worst ease sce- 


ned 


nario, they might have 
died or been badly 
injured in the same 
accident, Many coun 


tries allow researchers 
to waive consent in 
emergency situations, 
though to do so in 
the United States, 
researchers must alert 
unity to 


the com 
their trial in advance. 
er 
advertisements and 
met with community 
groups to describe the 
potential benefits and 
risks of cooling and 
how his study would 
be conducted. One 
man he met in Hous 
ton asserted that “only 
a Nazi would do this’ 


Clifton ran newspay 


A view of the brain. Half ofthis stroke 
victim’s brain is healthy (top), but the 
other half is damaged by the loss and 
restoration of blood flo»—harm that 
‘might be reduced by hypothermia 


people ask a lot of questions and don’thavea 
problem with it” 


Clifton, adding. “but the majority of 


- Adelson also received an 
ergency waiver of informed consent from 
the university’s Institutional Review Board 
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cribes 


creeps into Adelson’s voice as he de 
how some centers refused to join his head- 
injury trial because they are reluctant to 


randomize their young charges. Instead, 
brain-injured 
come in, without the rigors 


physicians are treatin 
Patients as they 


(IRB) for a$15 million hypothermia study ofa clinical trial, says Adelson: “That's 

oon head injuries in 

children, also funded Trial by Ice: A Sampling of Hypothermia Studies 

by NIH. Although 

Hutchison’s trial Condition Patients Home of Lead Center Status 

in Canada failed, 

Adelson sayshis trial, Headinjury, adults 240 Houston, Teas Ongoing 
which he hopes to : nr? 
Start this fall, will Meadinuy.dilren 225 Tom, canazn Complete 

cool patients for aaa 

Tonge a8 hours Meadinn, iden — 340, PASBUT pean a 
stead of 24. And it Piusbursh, : 

will treat children Shed from bleeding 100 Pennsyivenia Seeking funds 
within 6 hours rather 

than 8 hoursofiinjury. #0 50 San Diego, California Ongoing 
Adelson is heartened Cs ee 2000 Vienna AUS aking ands 


by hints from a pilot 
trial he published 
2 years ago that 
found that 44% of 
children treated with hypothermia were still 
showing improve nition and 


nts in co, 


behavior 6 months later, compared to 36% of 
those given standard 

Tisherman is working toward approval 
and funding for his trial of trauma victims, 
the first that will cool injured patients 
dramatically, to 7° or 10°C 
Alam of Mass General 
hopes to ps 
Some consider this strategy 
especially risky be 
hypothermia is known to 
inhibit blood clotting, and 
these patients are already 
enduring massive internal 
bleeding. But “there really 
is no good alternative” treat- 
ment, says Jeannie Barone 
assistant director of the 
Pintsburgh IRB. 


Spotty execution 
Clinicians say that trials like 
these. as well as at least a 
half-dozen others in Europe. 
Asia. North America, and 
Australia, are crucial to 
how hypothermia 
p. But the field is 
ented. Already the 
iment is being used in si 
uations not backed by clini- 
cal data and not used in situ- 
ations 


are. Frustration 
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Cardiac arest, children 


‘and Lund, Sweden 


40 Toronto, Canada Ongoing 


despite data showing it's not effective in 
probably 65% of patients.” 

Meanwhile, hypotherm: 
ability to boost survival aft 


‘s impressive 


prompted professional societies, beginning 
in late 2002, to recommend its use. Yet a 
2006 survey of more than 2200 physicians in 
the United States, the United Kingdom, and 
Finland found that 74% in the United States 
and 64" 


in Europe had never used hypo- 
thermia to treat patients aftera cardiac arrest 
Often, hospitals don’t adopt hypothermia 
unless it’s foisted upon them. In Norway, 
Kjetil Sunde, an anesthesiologist at Ullevaal 
University Hospital in Oslo, spent 2 
pressing for the treatment. At first 


any 
‘didn’t believe in this.” Now 
of the country’s hospitals use 


doctors, he says, 
more than 90° 
hypothermi: 
‘One reason hypothermia hasn't eaught on 
is money, says James Grotta, director of the 
Stroke Program at the University of Texas 
Health Science Center. Drug companies 
don’t develop it. The pharmaceutical indus- 


n cardiac~arrest cases, he notes. 


try provides “a substantial impetus for teach- 
ing. education, and practice patterns,” says 
Grotta, who is studying hypothermia in 


siroke. When it comes to cooling, “nobody's 
pushing this, ... There's nothing really 
patentable 

Still, hat 
the treatment remains so rare. says Clifton, 
“The 
patient 


here. 
"s almost, to me, 


andalous” 


~JENNIFER COUZIN 


10 AUGUST 2007 


745 


746 


CLIMATE CHANGE 


Humans and Nature Duel Over the 


Next Decade's Cl 


Rising ofeeihouse Gases atejehang! 
few decades natural climate wariations 
amb lidig.t6 factor thei 


ts have 
To 
nuist know 


For a century or more, meteorok 


known the secret to weather forecasting: 


today’s, And lately they have realized that the 


same precept applies to predicting climate 
inthe North 


n today that have noth 


years or decades ahead. Stirri 
Atlantic Oc 
with the stre 
ural jostli 
lead to drought in Africa's Sahel 


ng to do 


hening greenho 
of the climate system 


just nat- 
could 


a decade 


ortwo, they recognized, Ignore today’s ocean 


nd your 2020 global-w; 


conditions, 


forecast could be a bust. And such natural 


variability can be far-reaching. In a recent 
study, researchers found that when the 
Atlantic Ocean swan 


rom one state to 
another, it apparently helped trigger a 
decade-long climate shift in the late 19605 
that sprang from the Atlantic and reached as 
far as Australia, 

But until now, climate forecasters who 


worry about what greenhouse gases could 
to climate have 
naturally, Most looked 100 years 
gh so that they could safely 
happening now. No more. In 
this week's issue, researchers take their first 


stab at for 


be doin nored what's 
happe 


ahead, far 


ignore what's 


Jimate a decade ahead 
with current conditions in mind. The result 
isabitdisquieting. Natural climate variabit- 
ity driven by the ocean appears to have held 
bay the past few 
ding to the 


astin 


years, but the warming 


imate, 


na Hlobal dinrate-bet Uuringahebekt 
‘will Haye Agayas Well so réscacehiet sare 


forecast, should come roaring back before the 
end of the decade. 

This isa very valuable step forward” says 
Rowan Sutton of the University 


11's precisely on the decadal 


time scale and on regional scales that natural 


variability and anthropogenic effects have 


le magnitudes.” So improved cli 


wate forecasting of the next few decades 


could help decision-makers focus on where 
and when the most severe climate change will 
be happe 
ognize when the loomin 
warming will be masked. 
natural variability 


ig. Or, conversely, they could rec 
threat of global 
temporarily 


by 


Tigaly climate 
No one ever said Earth’s atmosphere was a 
bori Air is in continually shiftin 


10 
Observations 


ae 


Bs 1990 2000 2010 
Better. A model st 


came closer to reality (black) than one without (blue). 
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arting from current conditions (white) 


n, from the wafting of innumerable 
er breezes to a few roaring jet streams, 


moti 


But forecasters have long recognized that 
certain parts of the chaotic atmosphere are 
better behaved than others. Over the North 


Atlantic, for example, atmospheric pressure 


over Iceland and Portugal tends to “seesaw” 


over the weeks and months, rising at one site 
while it falls at another. This North At 
Oscillation (NAO) in turn switches winds 0 
and fro across the Atlantic, guiding storms 
into or away from westem Europe. Other 
modes of natural variability —atmospheric 
jigel 
added greenhouse 


mic 


that lack an external cause such as 


tend to cause 
i$ over the North 
Pacific and the high latitudes of both hemi= 
spheres, The tropical warmings and coolings 
of the El Nifo-La Nina cycle can also hold 
sway in various regions around the globe. 
Once meteorologists recognized that 


atmospheric reorganiza 


natural variability offered hope of predict- 
ing out a few months, climate researchers 
began to see that the same or similar 
modes might improve forecasting a 
ional 


decade or more ahead, Ona 


scale, the NAO seesaws over the decades 
2s well. Its dramatic strengthening in win- 
ter between the 1960s and 1990s pumped 
extra heat into Northern Europe on top of 

9 a new 


eenhouse warming, accordit 


analysis in press at the Journal of Geo: 
physical Research by climate researcher 


sciencemag.org 


% 
8 


David Parker of the Hadley Centre for Cli- 
mate Prediction and Research in Exeter, 
UK., and his colleagues. 

‘On a broader scale, natural variability over 
decades is clearly rooted in the oceans. A 
warm-cool cycle that spans the Pacific, both 
North and South, has lately swung back and 
forth on a time seale of 30 to 50 years. By 
Parker and his colleagues" data and model 
analysis, this so-called Interdecadal Paci 
Oscillation seems to be driven by interactions 
betwen the tropical ocean and atmosphere 
much like those that drive El Niio; the IPO 
could be the multidecadal expression of the El 
Nitio eyele, they say. 

Over in the Atlantic, there's the Atlantic 
Multidecadal Oscillation (AMO) of sea surface 
temperature. It is apparently driven by the 
acceleration and slowing of the 
treat ocean conveyor that carries 
warm surface water into the north- 
ern North Atlantic (Sefence, | July 
2005, p. 41). The AMO’ vacilla- 
tions have been linked to every- 
thing from triggering drought in 
thel and the central United 
States to alternately suppressing 
and—inthe past decade —firing up 
hurricanes (Sefence, 10 November 
2006, p.910). 


Normalized variations 


‘Aglobal reach 
Lately, researchers are finding that 
the AMO may have a stronger 
influence and a longer reach than 
they once thought. They knew that 
the oscillation affected climate around the 
Allantic, but some suspected it had also caused 
mid-century warming of the Northem Hemi- 
sphere or even the globe. 

This past January in Geophysical 
Research Letters, climate modeler Rong 
Zhang and colleagues at the Geophysical 
Fluid Dynamics Laboratory in Princeton, 
New Jersey, showed how the AMO might 
have warmed at least the one hemisphere, 
‘They varied the warmth of the North Atlantic 
in their model to mimic the way the tempera- 
ture of the real North Atlantic varied under the 
AMO during the 20th century. In the model, 
the Northern Hemisphere warmed to mid- 
century and then cooled slightly through the 
1950s and 1960s. as it did in the real world. 

In work accepted at the Journal of Climate, 
5 climate researchers Sergey Kravtsov and 
Christopher Spannagle of the University of 
[ esciedy Mivedonsientvie reas 

an AMO temperature signal from not just the 
2 hemispheric but the global record as well. To 
H gauge the effect of natural variations, they took 

20th century temperature records from around 


wwwsciencemag.or: 


the globe and subtracted the warming due 
to rising greenhouse gases, as simulated by 
16 climate models. The difference—a strong 
‘warming over southern Greentand, a warming 
North Atlantic, a cooling South Atlantic, and a 
‘weak warming in the far North Pacific—looks 
like the pattern and timing attributed to the 
AMO. Kravisov and Spannagle conclude that 
the shifting ocean circulation behind the AMO 
has global effects on global warming. 

The AMO may have had a hand ina 
more dramatic global climate event, 
according to meteorologist Peter Baines of 
the University of Melbourne, Australia, 
and climatologist Chris Folland of the 
-y Centre, writing in the 15 June issue 
of the Journal of Climate. Their climate 
shifi rattled the circum-Atlantic region over 


THT 


15019701990 


Doin’ the shift. All sorts of regional climate—from African rainfall to hurricane 
‘activity changed inthe late 1960s, especially around the Atlantic 


a decade starting in the early 1960s and 
reached around the globe. 

First, Baines and Folland pulled together a 
range of regional changes in temperature, rain- 
fall, and atmospheric circulation around the 
Atlantic that could all be tied back toa cooling 
of the North Atlantic. The AMO presumably 
cooled the ocean—perhaps with the help of 
sun-shielding pollutant hazes—as the warm 
conveyor slowed. Greenland cooled Brazilian 
rainfall swelled, hurricane activity dropped and 
the Sabel dried tothe most catastrophic drought 
in more than a century. These changes, which 
are most evident in the northem summer, can 
all be linked to the reduction and relocation of | 
the ocean's transfer of heat into the atmosphere, 
Baines and Folland say. Those shifts, in turn, 
Jed to changes in atmospheric circulation and 
‘Precipitation over adjacent continents. 

‘Searching for the most remote limits of this 
climate shift. Baines and Folland looked out 
along the atmospheric circulations ultimately 
driven by tropical ocean heating in the Atlantic. 
There they found changes in subtropical jet 
streams in both hemispheres and poleward 
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Hurricane Index 


Arican Hae cic 
taton 


NEWSFOCUS L 


shifisin storm paths. In southwest Australia, for 
‘example, the shifi reduced the rains and brought 
long-term drought. Baines and Folland!’s exp 
cation of a globe-girdling late-"60s clima 
shift only reinforces the view that “the AMO 
does affect global climate.” says meteorologist 
Mojib Latif ofthe University of Kiel, Germany. 
“Irs not just regional climate.” 


Anticipating nature 
Appreciating the power and reach of natural 
climate variations is a major step. To put that 
information to use, however, climate forecast- 
crs must find a way to model the future course 
ofthe variations themselves, starting from cu 
rent conditions, Climate researchers from the 
Hadley Centre, led by Douglas Smith, are the 
first to try that as they report on page 796. 
The Hadley group tested 


en the usefulness of their new 
Subtropical jet strear_ prediction model by “hind- 
rangport 106 casting” the climate of two past 
Serene KA) decades. Starting from the 
Goeeetand observed distribution of ocean 
torpor ane heat content, the model out- 
riivean $51 performed its own forecasts 
re that lacked observed initi 


conditions, Errors in predicting 
islobal temperature declined by 
20% or 36%, depending on the 
type of error. The model sue- 
fully predicted the warm- 
ing of El Nifo and the effect of 
‘unusually warm or cold waters 
around the world. An actu: 
forecast starting in June 2008 
correctly predicted that natural vari 
the appearance of cooler water in the tropical 
Pacific and a resistance to warming in the 
Southern Ocean—would offset greenhou: 
‘warming until now, But beyond 2008, w 
ing sets in with a vengeance, “At least half of 
the 5 years after 2009 are predicted to be 
‘warmer than 1998, the warmest year currently 
‘on record,” the Hadley Centre group writes. 
“Smith ef al. isan important first step 
setting out the method” says meteorologi 
Tim Palmer of the European Centre for 
Medium-Range Weather Forecasts in Read~ 
ing, U.K. Now researchers need to amass 
‘more computing power, more past observa- 
tions to test the method better, and more 
future observations to feed the models, he 
says. And time is of the essence. If the AMO 
in fact played a substantial role in the rapid 
‘warming and enhanced hurricane act 
the past decade or two, says Sutton, 
will in all probability be a tumaround [of the 
AMO], possibly in the next decade.” It would 
benice to know for sure. 
“RICHARD A. KERR 
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edited by Etta Kavanagh 


Retraction of an Interpretation 


IN THE REPORT “STRUCTURE OF THE 8200-YEAR COLD EVENT REVEALED BY A SPELEOTHEM 
trace element record” (/), we presented :t 7762-jtm-long ion probe trace element traverse chosen 
to include the 8200-year event as detected in a previously published laser ablation oxy, 
tope study from the same stalagmite (2). The oxy: anomaly was distinct and dropped 
8%e below baseline values to a low value forthe entire Holocene of ~12'%o and was reproducible 
on a reverse track, However, recent reanalysis of the calcite believed to contain the axygen iso- 
tope anomaly suggests that the anomaly was probably an analytical artifact possibly caused by 


in isotoy 


laser ablation-induced fracturing during the ori 
"0 “marker. 
$200-year event is une 

The trace element data in this Report, previously believed to ec 


nal analysis (3), Consequently, without the 


original 8 the precise location in the stak 


g the 


nite of calcite deposited durit 


d precisely with the 


entire 8200-year event, are now believed to represent the hydrological and bioproductivity 


response in western Ireland to a cold/dry event of uncertain provenance and intensity. The U- 
Th-derived datesof the event correspond approximately with the 8200-year event in Greenland 
ice cores, but without the additional guidance of the 6!0 anomaly, the precise timing in relation 


to the 8200-year event is now somewhat ambiguous. Unfortunately, it is now unlikely that the 


approximately 114-year duration ion probe track coincides with the entire 8200-year event (if'at 


all): thus, the ~37-year estimate derived for its durat 


probably no longer accurate. However, 


the trace element data remain robust and are interpreted as reflecting colder and drier conditions 
in western Ireland, followed by the return to more maritime conditions at the end of the first- 


order trace element anomaly. Additionally, the novel application of annual trace element cycles 


to build a high-resolution chronolog 


id reconstruct palcoseasonality remains unchanged. 

JAMES U. L. BALDINI,* FRANK MCDERMOTT? IAN J. FAIRCHILD” 
"Department of Earth Sciences, Durham University, South Road, Durham DH2 3LE, UK.“Departmert of Geology, Univesity 
College Dublin, Dubin 4, eland, School of Geography, Earth and Envionmental Science, Unversity of Bimingham, 
Birmingham B15 277, UK. 
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Weak result are published, their sins are 
forgiven and they can be worked into 


The Dangers of Advocacy 
in Science 


future introductions and discussions at will 
IMRAD advocates often stretch available 
IN MATTERS OF POLICY, MANY SCIENTISTS pss over uncertainties in their evi- 


ew “advocacy” as a dangerous word, In 


jore contrary results. 


peer-reviewed literature, many scientists This occurs throu 
practice a subtler form of advocacy in push- journals. One would hope that it would be 


ing their methods, results. and conclusions. 
Call this IMRAD (Introduction, Methods, 
Results, and Discussion) advocacy: Once 
bold claims about poorly tested method or 


least common in prestigious journals. On 
the other hand, top journals have limited 
space: they emphasize papers with broad, 
seemingly decisive conclusions but 
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passively encour ders not to worry 
about methods (or rebuttals). Often, this 
form of advocacy is obvious only to the small 


percentage of any journal's readers that have 


sciemtific expertise in a specialized area—a 
small pool of appropriate reviewers (/). 

As with policy advocacy, there is a gray 

area between objective justification and 

1, half-supported promotion, Some- 

the middle sits the honest, often 

\crimonious debate necessa 


for scientific 


progress. Would anyone disagree that pub- 


“Would anyone disagree 
that publishing overly liberal 
conclusions is poor 
science...?” 

—Gitzen 


lishing overly liberal concl 


jons is poorsei- 
ence, that the personal rewards of doing so 
far outweigh risks, or that the peer-review 
process should strip papers of this garbage? 
Humili 


n could assist rebuttals and time 


in the self-correcting process of science, For 
example, each professional society should 


survey members at year’s end to decide on 


the five papers in their field with the most 
erly inflated claims, The authors, approv- 
ind subject editors could 


receive suitable prizes, 
ROBERTA. GITZEN 


Department of Fisheries and Wildlife Sciences, Unversity of 
Missouri, Columbia, MO 65211, USA. 
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Controversy Over 
EmrE Structure 
TWO X-RAY STRUCTURES OF EMRE, THE SMALL 


est ion-coupled multidr 
provided a cautionary tale about the difficulty 
of determining the thr 
tures of membrane proteins and the dangers 
of i biochemical results. The strue- 
tures have since been retracted (J. 2), but 
the intriguing and controversial idea that the 


transporter, have 


e-limensional struc- 


sciencemag.org 


protomers in the EmrE homodimer adopt an 
antiparallel transmembrane of 
tinues to have support. In their Report 
“Emulating membrane protein evolution by 
rational design” (2 March, p. 1282), M. Rapp 
etal, describe results that seem to support 
such an antiparallel a 
thought to provide the missing link in mem- 
brane prote er intriguin; 


ation con- 


evolution, Howe 


the results may be, the starting point is too 
fuzzy and ignores biochemical results. The 


interpre 


tion is based on the assumption that 
However, the 
x-ray structures have been retracted, and the 
results that support such an assumption in 
Rapp et al. 
th 


proteins they used to determine the topology 


Emr displays a dual topolog 


annot be taken at face value, as 


thors admit, because the large fusion 


Thousands of Products. Hundreds of Techniques. Infinite Possibilities. 


One Book. \"* 


The combination of Upstate®, Chemicon® and Millipore 


of a protein two to four times smaller seem to 
bias the results. This is w and 
it would be helpful to apply alternative 


approaches, which may be more time- 
ut Less amb 

In their Perspe 
membrane protein evolution” 
p. 1229), B, Poolman er af, claim that our 
rous demonstration that EmrE with a 
parallel topology of the protomers is fully 


functional was based on the now obsolete 
structural model, On the contrary, our work 
showed that this model w: 
than bein 


incorrect, rather 


stive 
homologs of Emrt 
x's oF a properly mu 


that function 


allel topology of the protomers 


weww.millipore.com/OneBook 


relative to each other, Ifthe case can be made 
parallel heterodimers, what makes it 
for a homodimer? If antiparallel 
researchers would be 
questions about the 


homodimers exist 
faced with fascinatin, 


insertion and assembly of these proteins in 
the membrane (4). Do the protomers insert 
with a random topology and wait for the next 
randomly inserted one? To our knowledge. 
the existence of homodimers with an anti- 


parallel orientat 


n of the monomers has not 


yet been biochemically demonstrated 
SHIMON SCHULDINER 


Silberman institute of Life Sciences, 


Biological Chemist 
Hebrew University of Jerusalem, Givat Ram, Jerusal 
91904, Israd, 
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Response 
IN RECENT MONTHS, EMRE HAS TAKEN CEN 
ter stage in the world of 

because there are opposing views on its 
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membrane topology (/) and because two 
EmrE were recently 


X-ray structures. 0 
retracted (2, 3). 
Emre: is an unusually intriguing protein. 
Itis by far the most well-studied representa- 
tive of the bacterial small multidrug-resist~ 
ance (SMR) proteins, a family of potential 
drug targets, and it may be the first example 
of a “dual topology” protein, ie.,.a homo- 
dimeric protein composed of two identical 
‘monomers with opposite orientations in the 
membrane (4). 

The final proof for a dual topology 
EmvrE is still lacking. So, what ts the 
dence? First the dual topology idea was o 
inally proposed on the basis of an early ek 
tron crystallography structure ( 
structure, albeit of rather low resolution, 
still the gold standard, since the two-<dimen- 
sional erystals bind substrate with nM affinity 

Second, a steadily increasing number of 
SMR proteins have been shown to be het- 
erodimers composed of two homologous 
monomers [e.g.. (7)]. In at feast one « 
(the Emr homologs YdgE/¥dgF in E. coli), 
the two monomers have been shown to adopt 
opposite orientations in the membrane (8), 
and topology predictions suggest that this is 
the rule for heteromeric SMR pro- 
teins (9). By extension, a dual topology for 
homodlimeric Emr: seems likely 

Third, by mutating positively changed 
residues in the loops connecting the trans- 
membrane helices, we have constructed two 
Emr. variants that insert with either N,-C,, or 
Nog-Cou Orientations. These variants are non- 
functional when expressed alone, but make 
cells resistant to ethidium bromide when co- 
expressed (/0), as does wild-type Emr. The 
complementation between the two oppositely 
oriented EmrE variants suggests that they 
form an antiparallel heterodimer, like other 
heteromeric SMR proteins 

(On the other hand, the Schuldiner Iaty has 
reported that a chemically cross-linked EmrE: 
dimer is active after reconstitution in vitro 
(1D). With the cross-linked residues chosen 
such that they should not be able to form a 
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cross-link in an antiparallel dimer (according 
to the now retracted x-ray structure), this 
result provides an argument against a dual 
topology. But is this biochemical finding with 
solubilized. cross-linked protein compelling 
enough to override the structural, coexpre: 
sion, and evolutionary arguments that sup- 
port a dual topology for Emr? We think not, 
In any case, given its current “15 minutes of 
fame” (/2), EmrE will no doubt attract 
‘enough attention for the debate over its topol- 
ogy to be resolved in the normal scientif 
Wy more and better experiments. 
[MIKAELA RAPP, SUSANNA SEPPALA, 
[ERIK GRANSETH, GUNNAR VON HEIJNE 
Center for Biomembrane Research, Department of Bio 


chemistry and Biophysics, Stockholm Univesity, SE-106 92 
Stockholm, Sweden. 
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Response 

THE QUESTION OF THE MEMBRANE ORIENTA- 
tion of the two subunits in the multidrug 
efflux protein EmrE is befuddled by two 
separate issues. First, there are the x-ray 
crystallography studies of EmrE that were 
recently retracted (/, 2). Clearly, invalid 


structural models cannot be used as a lead in 
any study. Second, there are biochemical 
data that lead to different conclusions on the 
subunit orientation of EmrE, Von Heijne and 
colleagues have provided evidence for an 
antiparallel orientation of the subunits (3), 
whereas Schuldiner and colleagues support 
parallel orientation (4). 

Conflicting models are proposed all the 
time in the process of scienifie progress, and to 
choose which model is most probable, we have 
to scrutinize the available data and interpr 
‘tions, Which studies are at hand? First, there is 
the only pieve of structural information left; the 
3D model of EmrE-based electron erystallo 
‘graphy experiments (5), which provi 
able structural model of Emr, Unfortunately, 
the resolution is too low to reach definitive con- 
clusions on the orientation of the subunits, 

Second, there are the biochemical studies 
of the Schuldiner group (6-8). Soskine et al 
(8) argue in favor of a parallel orientation of 
the subunits because their cross-linking data 
are inconsistent with the antiparallel orien- 
ation of the subunits observed in the now- 
‘obsolete x-ray crystallographic structural 
‘model. Both the design of their experiments 
(the positions of the engineered cysteines 
and the calculated intermolecular distances 
between the residues) and the interpretation 
of their data were based on the structural 
‘model that has since been shown to be incor- 
rect (1). Moreover, the combination of high 
concentrations of detergent in the experi- 
‘ments, possibly leading to inereased confor- 
mational flexibility of the protein, and the 
relatively large span of the applied cro: 
linker severely limit the validity of the 
approach, Consequently, we feel that the 
cross-linking data are not necessarily in 
conflict with Hel orientation of 
the subunits (9). 


‘CORRECTIONS AND CLARIFICATIONS 
Reports: “sythess of ultra ncompeesblesuperhard them dior at ambient pesue” by H.-Y. Chung ol (20 
Apt. 436) ter publication the ergial authors conduded that Robert W, Cumberland (Department of Chemisty and 
‘Biochem and the Department of Mater cence and Engineering, Univers of Califor, os Angeles, CA90024, 
USA: coment aes: HRL Laboratories, Malibu, A. 90265, USA), who mas aknonedged, contributed sti tthe 
wot tobe sted san autho: Ths change was approved by he Vice Chancel for Research at UCUA Te authors should 


‘ou be: 


su-Ying Chung.* Michelle B. Weinberget* Jonathan B. Levine, Robert W. Cumberland, Abby Kavner, Jen-Ming Yang, 


Sarah H, Tolbert, Richard B.Kaner 
(These authors contributed equally to this work). 


Reports: “Causal reasoring in ats” byA.P. Blaisdell eto. (17 February 2006, p. 1020). There are three minor typos inthe 
‘Supporting Online Materials. Fst, test sessions for Experiments 2, 2a, and 2b were 60 minutes. Second, the number of 
background nase pokes in Experiment 1 were 2793 = 571 (Conditions Intervene T, 3051 + 991 (Condition Observe-D, 
2885 = 823 (Condition Intevene-N), and 2849 = 514 (Condition Observe-N). Third, in Experiment 3, the F value fr the 
planned comparison between condition intervene-T versus Observe-T was 9.07, p < 0.05. Areanalysis of the data from 
Experiment 2b revealed thatthe tet-tril data fr one subject from group Unpaired-Observe was inadvertently counted 
‘twice inthe statistical analyses. A reanalysis on the corected data resuls in a change of three Fvalues by atenth ofa point 
oF less, and thus has no effect on the outcome of the analyses. The autharsfalled 1o revise the caption inthe corrected Fi, 
1 [Science 314, 595 (2006). The F values were stightly diferent from those reported. Corrected values show the main, 
effect of inference type = Fll, 21) = 457, P< 0.05, and the interaction = FU, 21) =5.69, P< 0.5. 


wow. 
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Third, there are the studies of von Heijne 
and colleagues (3), Contrary to Schuldiner's 
suggestion, the interpretation of the data of 
Rapp ef al, is not dependent on the prior 
assumption that EmrE displays a dual topol- 
‘ogy. The experiments were designed to dis 
criminate between two alternative scenarios: 
parallel versus antiparallel orientation of the 
subunits, Schuldiner is correct in anguing 
that fusing a large reporter domain to a pro- 
tein like Emr may influence its orientation 
membrane. However. von Heijne and 
tues clearly recognize this point, and 
ina series of in vivo complementation stud- 
ies with the EmrE protein subtly mutated to 
obtain a unique orientation, they showed 
antiparallel arrangement of the 
ctional, Schuldiner has, 
proposed an alternative evolutionary model, 
bbut the scenario presented in (4) depends on 
many chance assumptions and is not very 
likely, The antiparallel topological model 
proposed by von Heijne and colleagues is 
also supported by the recent data of Zha 
eral, (10). 

We believe that both groups performed 


solid experiments. Our view (9) is that the 
experiments from the Schuldiner group do 
not sufficiently discriminate between a dual 
topology model and a parallel model. Their 
evidence for parallel topology is based on 
cross-linking results with protein in the 
detergent-solubilized state, a nonnatural 
environment, In contrast, the von He 
group used the native lipid membrane to 
study the function of EmrE. We therefore 
consider the dual topology model of EmrE 


more compelling—for now. 
BERT POOLMAN, ERIC GEERTSIA, 
DIRKJAN SLOTBOOM 


Department of Biochemistry, Groningen Biomolecular 
‘Sciences and Biotechnology institute, and Zernike Institute 
for Advanced Materials, University of Groningen, 
Nijenborgh 4, 9747 AG Groningen, The Netherlands 
E-mail bpoolmang@rug.nt 
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A Clarification on 
Centrifugal Force 


THE ARTICLE “SPINNING A NUCLEAR COME- 
back” (News Focus, 30 March, p. 1782) con- 
tains an erroneous statement about centr 
gal force. The article states that “centrifiyzal 
forces pushed the gas outward, against 
the spinning wall.” There is, in fact, no force 
pushing the gas outward, Instead, as covered 
in Newton's first and second laws, a force is 
required to prevent the gas from going in a 
straight line (and thereby accelerating the gas 
‘due to its constant change in direction), This, 
force (termed centripetal force) acts inward 
toward the center of rotation and is provided 
by contact of the gas with the spinning wall 

ALLEN ZIMMERMAN 


‘Ohio State University, 1328 Dover Road, Wooster, OM 
44691, USA 


Thousands of Biotools. Decades of Experience. 


The combinatic 


One Book. 


www.millipore.com/OneBook 


MILLIPORE 


Countless Options. 


jon of Upstate®, Chemicon® and Millipore bring 


upstate | CHEMICON 
now part of Millipore 


BOOKS 


HISTORY OF SCIENCE 


Fame, Philosophy, and Physics 


Jeroen van Dongen 


1n 1921 when the earliest 
I inca opp byte 

Berlin publicist Alexander 
Moszkowski (2), was about to 
“appear, Einstein tried to halt its 
publication, because seckin 
the limelight was frowned 
upon in the German academic 
iniliew of his day. His name had 
been widely publicized follow- 


Einstein 
AB 


ing the 1919 British eclipse 
expedition that had confirmed 
central predictions of the the- 
ory of relativity. In its after- 
math, a group of rightist phys 
cists and agitators had started 
to publicly protest the clamor 
about relativity and its Jewish, 
liberal, and pacifist creator 
Despite Einstein's initial 


resistance, his fame has far 
from diminished. This year, a 
great many biographies later, 
two new books try to capture 
again his science, politics, and private life: 
Walter Isaacson’s Einstein: His Life and Uni 
verse and Jigen Netle’s Einstein: A Biography 
Isaacson and Neffe, both successful journal- 
ists, shared a privilege that their predecessors 
lacked: access to Einstein’s most private 
correspondence that had remained closed 
in the Einstein Archives at the Hebrew 
University in Jerusalem until the summer of 
2006. New perspectives on Einstein's per- 
sonal life might therefore be expected from 
their books. 

Indeed, Neffe discusses.at length Einstein's 
divorce from his first wife, Mileva Marié, and 
the troubled relationship with his two sons 


Einstein could at times be harsh and selfish 


toward his family, as when he presented 


(who desperately wanted to remain 
married) with chilling terms under which he 
might agree to endure living together with her: 
she would practically have been reduced to his 
maid. Although bad endings to bad mart 
happen to good people, others too have 
observed a lack of empathy on Einstein's part 
fe... Thomas Levenson (3)]. Neffe, however, 
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seems to be short of sympathy 
for his subject and consistently 
portrays Einstein in the darkest 
light imaginable, He even 
mentions an unnamed diary 
that is supposed to state that 
Einstein was beating Mileva 
Nefle does not shy away from 
sensationalism or simplistic 
explanations: He offers as a 
tion that Einstein's talent had to 
be accompanied by some form 
of autism. And when Einstein's 
second wife (and cousin), Elsa, 
passed away after close to 
20 years of marriage, Nefle 
jaims that her “ensnared hus- 
nd” exhibited barely any 
notion and simply started 


matter of course the presu 


to work harder. Isaaeson’s 
account is better informed: 
Einstein wept when Elsa died, 
He did delve into his work, but 
s collaborator Banesh, 


“ashen with g 
Hoffmann recalled. 

Neffe interviewed a number of 
leading (mostly German) researchers 
whose work reflects themes of Ein 
stein’s physics. This effort nicely con 
ects Einstein's science to today’s lab 
ratories. Yet the explanations Nefe 
offers vary from muddled to simply 
incorrect: His account of relativity has 
aan observer who “moves away from his 


frame of reference.” and according to 
him Max Planck held that “light is a 
mass divisible in any number of ways.” 
Nor is Neffe's book the source to turn to 
’s fundamental 


for accounts of Einste 


discussions about quantum mechanics 
with Niels Bohr, 


Isaacson presents Einstein's ideas 


isaplea 
ure to read his discussions of Einstein's philos- 
ophy and the philosophers of science that influ- 
enced Einstein: David Hume, Emst Mach, and 
Immanuel Kant. Most physicists will know that 
the ideas of the empiricist Mach were instru- 
‘mental to Einstein's formulation of his rek 
ity theory. which did away with the unobserved 
ether. According to Einstein, who studied 
Hume's work in his early twenties with a group 
of friends, Hume “saw clearly that certain con- 
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{In the limelight. During their 1931 visi 
States, the Einsteins accepted Charlie Chaplin's invitation to 
attend the premiere of his film City Lights 


cepts ... cannot be deduced from our perc 
tions of experience by logical methods’ 
Einstein had read Kant when he was just a 
schoolboy, and Kant had found that there was 
nonetheless category of propositions the truth 
of which was “grounded in reason itself? 
Einstein contended that relativity theory had 
proven Mach and Hume right and Kant wrong: 
(One of the latter's a priori truths had been that 
space had to be three dimensional and adhere to 
the ancient geometric axioms of Euclid. This 
clearly conflicted with the dynamic and curved 
spacetime perspective of Einstein's theory. 
Eventually, the biggest influe 


stein’s philosophy was undoubtedly his own 


discovery of the relativistic theory of gravity 
Recent historical research has shown that this 
\was the result of an intricate interplay between 
mathematical and physical considerations (4), 
In Einstein's later recollections, he held that 
‘eventually mathematics had given him the final 
theory. He derived a methodologic: 


maxi 
from this experience—"nature is the realiza- 
tion ofthe simplest conceivable mathematical 
that was to stay with him in his 
decades-long search for theories that should 
unify all of nature’ forces (6) 


ideas (5)" 


Isaacson’s book is to be recommended, not 
‘only because it presents us with a philosophi- 
cture of Einst 
ated as a philosopher at Oxford) but 
nost for the ba 


n (Isaacson, 


ed and humane 
nist’ life and work, 


account of its prota 


0 the United 


Nevertheless, one exception needs to be noted: 
after an extensive discussion of Einstein's 


strong opposition to MeCarthyism, Isaacson 
finds that 

righting political systems” When McCarthy's 
influence waned, and Einstein saw par 
with the rise of Nazism fall away, he “finally 
discovered what was fundamental about 
America: it can be swept by waves of what 
may seem, to outsiders, tobe dangerous polit- 


instein was not used to self 
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: 
8 


d. passing senti- 
‘ments that are absorbed by its democracy and 
righted by its constitutional gyroscope: 
i takeover in Germa 
ein relocated to the United States in 1933 
and became an American citizen in 1940. Few 
‘mericans have had their opinions as closely 
followed by the press, or as warmly sought by 
their compatriots, as Einstein. Yet to Isaacson, 
Einstein apparently remained an 
America’s own version of Voltaire’s ingen. 
This is an awkward qualification in light of 
Isaaeson’s own discussions of Einstein's public 
role, both in Europe and the United States. But 
itresonates with that of many Einstein contem- 


“outsider, 


Pporaries, who found Einstein’ opinions naive. 
Such judgment was usually passed by those 
Who disagres 
that Isaacson 


J with him. It might be the ease 


‘who in his introductory chapter 
stresses the need for creativity in educati 
that his country could “in the face of global 


competition’ reach a “competitive advan 


(not very Einsteinian words)—recoiled from 

vent of the Red Scare. 
Nevertheless, Istacson’s book és a welcome 

addition to the 


isanaccessible overview that any student ofthe 


subject will appreciate, Unlike what Einstein's 
reaction to Maszkowski may suggest, Istacson 
believes that Einstein loved publicity as much 
ashe loved to complain about it. He points out, 
persuasively, that those who truly dislike the 
attention of journalists (Einstein's “natural ene- 
mies” according to Neffe) do not 
turn up with Charlie Chaplin at a 
movie premiere, as the Einst 
‘eventually did. Both then and now, 
ube surprised by the scale of 
in’s celebrity. Yet, as he him- 
self said, “it isa welcome symptom 
in an age, which is commonly de- 
nounced as materialistic, that it 
mikes heroes of men whose ambi- 
tions lie wholly in the intellectual 
and moral sphere” (7). 
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The Music of Life 


SYSTEMS BIOLOGY 


How Central Is 
the Genome? 


Eric Werner 


raditionally the g 
as the dominant force in livin; 
tems. In The Music of Life, Denis 


Noble criticizes this view. Challenging the 
foundations of current biolog he 
{questions the central dogma, its unidirectional 
view of information flow, and 
its imposition of a bottom-up 
methodology for research in the 
lif 
conceptual revolution is trans- 
forming biology and medicine 
systems biology applies the meth- 
‘ods of mathe 
ence, engineering, physics. and, 
even, philosophy to understanding 
living systems. 

Noble, an e 
of physiology at the University of 
Oxford (and colleag 
‘one of the founders of systems 
biology. and his work on n 
of the heart is a paradigm in the 
field. The Music of Life offers an 
excellent informal introduction to the con- 
cepts and issues that form the 


¢ sciences. Behind the scenes, a 


atics, computer sei- 


rritus professor 


ue of mit 


bedrock of systems biology. 
Noble orchestrates t 
symphony of ideas spanning 
genes, embryology, evolution, 


Noble and consciousness 

A provocative theme re- 
curring throughout the book is 
that there is no program (or, 
using the author's musical 
‘metaphor, conductor) that con- 
trols a biologica 
neither in its development nor its functioning. 
Noble states, “There are no privileged compo- 
nents telling the rest what to do.” The genome, 
he holds, is not a program but a 
base, one of many equal contribui 
development and dynamics of a i 
nism: the interaction of many components 
produces the result. Although 1 am sympa- 
thetic to Noble's critique of reductionism, 
his sidelining of the consider- 
ing it to be only a passive participant or 
seems problematic. 


resource 
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At the heart of the issue are two questions 
Where does the complexity of a developing 
embryo come from? How is the development 
‘of organisms controlled? Many developmental 
biologists, like Eric Davidson, assume that the 
nerate the complex- 
ms lies in the genome, in particu- 
egulatory networks, and that these net 
\Works control the development ofthe onanism 
(J). In contrast, Noble questions both that the 
genome is the source of complexity and that it 
functions like a central controller, 

Noble appears to identify centrality of con- 
trol with the existence of a central program (or 


information required to 


score). Cent 
concept. It can either mean tl F 
contains most of the contro! information neces 
or it can mean that the 
controlling 
that Noble 
uses and attacks suggests the image of one 
agent controlling a group. However, even 
though the genome is the same in all cells, its 
control is local. There is no single conductor 
enome, Rather there are many copies, each in 
different activation states, each influencing the 
activity ofthe cell in which it resides. Iti as if 
each cell had its own conductor, with the same 
score (the genome), but the individual cond 
tors direct independently, reading from diffe 
cent parts of the score, The multiple conductors 
‘are autonomous but can also react, imeract, andl 
cope! ting their activity by com- 
munication or signaling). Thus, there are two 
separate issues: the source of the complexity of 
‘organisms and the locality of control 

The view of developmental biology that 
Noble presents in the book is influenced by 
Enrico Coen (2), who holds that the process of 
copying is fundamentally different from cre- 
ative processes like development. For Coen, the 
creative actions of an artist and, analogously, 
embryological development are self-reflexive 


sary for developmet 
control is centralized in one a 
the rest. The conductor metaph 


te (coord 
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processes that involve exten- 
with the 
results of previous actions, 


sive interaction 


Coen claims there is no e 
tral program, but he fails to 
see that such interactions 


might well be controlled by 


distributed networks, which 


are, in effect, programs that 
run separately in each cell 
in a vast multicellular system. 


In essence, genomes function 


as strategies that guide the | the marsh 


cell agents as the system 


develops (3), Such strate 


or programs can also interact 
with their environment (in- 


cluding other cell agents} 


each stage of development. 
Hh 
reflesive in Coen’s sense 


nce they can also be self | have long be 


where Trav 


‘Coen hasa restrictive view 
of programs akin to John von 
Neu 
self-reproducing automaton, 
Which involves a printerlike 


’ conception of & 


process generating a copy of 
itself, line by line, based on a 
set of instructions (which are 


also copied) (4). In contrast, 


living cells with their genomes, 


rather than emulating the von Ne chi 


tecture forself-reproducis 
like distributed strategic a 


Because Coen and Noble do not consider 
distributed programs as the source of develop. 
mental control, they are forced to rely on the 
proble 
emeng 
by the interac 
proble 


pati notions: of in nism and 


ti 


nerated, 
ns of simpler parts, Yet, the 
on for the 
generation of the complex space-time event we 
esis cannot be avoided by stat- 


1 of the source of informa 


call en 
ing that embryogenesis is the result of a com: 
plex interaction 
understand the pi 


cess, Rather, we need to link 


control information in the genome with the 


process of development (1,2). 


According to Noble, the egg contains a 


log information whereas the 
tal information, Becaus 


jenome contains 
informa 


tion is continuous, the egg carries potentially 
infinite amounts of information that over- 


\Wwhelm the finite digital information present in 
the genome, One must, however, consider the 
on (5, 6). At detailed 
levels of resolution (approximations of the 


relevance of the informa 


continuous state), the molecular state of the 
is virtually random and in that sense very 


complex. An enormous amount of informa- 
tion would be required to characterize 


BROWSINGS 


Marshes. The Disappe: 
University Press, New Hai 
£25. ISBN 9780300122299. 
For more than three: 
inhabitants (especially rails, 
gallinules) of North Americ 
camera, Here he presents 90 photographs of marsh 
birds, wildflowers (right, pe 

Old tyme, Connecticut), and s 
he has explores 
and the threats they n 


Sippewissett. Or, Life on a Salt Marsh. Tim Traver. 
Chelsea Green, White River Junction, VT, 2006, 
mM | $22.50, ISBN 9781933392141 
Biologists (including Louis Agassi 
n drawn to the patch of Cape Cod marsh 


he still returns. His refle 


spent his boyhood summers and to which 

ions on the fauna, flora, habi 
tats, and human culture eloquently weave together ecol 
ogy, history, and memory. He offers enticing discussions 


of tidal flows, spawning runs 
and even the micro 
his treatment of sometimes contentious conservation 


ing Edens. William Burt. Yale 
n, CT, 2007, 192 pp. $35, 


ades, Burt has been stalking shy 


pitterns, grebes, and 


assy wetlands with hi 


nial salt-marsh asters, 
s. He abso reflects on 


their riches, thelr pasts, 


60 pp. 


and Rachel Carson) 


eelgrass beds, clam hunts, 
And 


al communities in the mu 


of the challenges 


state. But such random information does 


not make a relevant contribution to the 


ation in space and time of the morphology of a 
multicellular organism, Most of the inform 


tion at the lower level of ontology, namely the 


protein state of the ¢) levant to the 


nism. Indeed, the ran 


development of the o 


dom fluctuations in the egg and its environs 


have to be damped or avoided in some way for 
work. 

Suppose we inserted a dinosaur’s genome 
into a chicken egg. If the ¢ 
imo a dinosaur, we would have to conclude 
that the genome and not the information in 
responsible for the ontog 
ded to pro- 
n factorsto 
And 
nay be other relevant factors such as the 
ents, and thickness of the egg shell. 
But it would be clear that they do not contain 
th 
generate the dinosaur. Although this thought 


the process of development t 


then developed 


Undoubtedly, we would have n 


vide maternal dinosaur transcript 
bootstrap the developmen 


¢ crucial control information required to 


experiment verges on science fiction, it makes 
the point that the genome, rather than the egg 


or th nal matrix, contains the informa- 


neration of multicel- 
Hl 


not being controlled by any pro- 


tion necessary for the 
lular organisms. For Noble, the development 


process 


he resu mysterious interaction 
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‘of equal partners. Lam simply saying they are 
far from equal in inform 

Th 
surprisi 


tion content, 


hi-provoking, The Music of Life is a 


uly. if deceptively, easy read, One 
learnsas much, if not more, ona second read- 
as on the first, Noble presents his case for 
the systems approach with elegance and a 
simplicity that hides unnecessary detail. His 
conversational style together with personal 
they are with 
him sharing in an active process of discovery 
The book can be recommended to anyone, 


ve readers the fie 


novice or professional, interested in systems 
biology and the foundations of life, 
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Globalization of Conservation: 
A View from the South 


J.P. Rodriguez,’ A. B. Taber?" 


LF Pacheco! A. P. Dobson," M. 


ywovernmental 
L= ations (INGOs) are inc 
ingly setting the global conservation 
itenda, These INGOs have developed a range 
of tools, €.g., Biodiversity Hot Spots (/), 
Global 200 Ecoregions (2), and others (3) to 
set priorities and to compete with each other 
They often use a corporate “branding” strat- 
tohelp raise fundsand to define and com- 
‘miunicate their niches in a erowded and com 
petitive market. This corporate model has 
been very successful for fundraising: Con- 
servation Intemational’s “Hot Spots” strategy 
accompanied an increase in overall annual 
expenditures from US.S27.8 million in 1998 
to US,S89,3 million by 2004, and World 
Wildlife Fund U.S.A.s"Ecoregions” program 
rise in expenditures from 
jon to US.S121.7 million be- 
tween 1997 and 2005 (4), This helped offset 
declines of ~$0% in government and multilat- 
eral agency investment in biodiversity conser- 
vation over the past decade (5) white expand- 
ing the influence of these INGOs globally. 
These factors have led some to equate the 
operations of large INGOs with transnational 
corporations (6). 
Although these bra 
conserva se, th 
tific eriticism (7). For example, prior- 


ids are derived from. 
are vulnerable to 


ion ser 
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setting plans that target fixed 
areas for conservation (e.g. Hot 
Spots and Ecoregions) are insuf- 
ficient to deal with fast-moving 
threats such as pathogens or 
invasive species (8), the alter- 
ation of species’ ranges due to 
climate change (9), or spatially 
dynamic marine ecosystems (10). 
Furthermore, large-scale inter- 
national development initiatives, 
designed centrally and top-down, 
have rarely met expectations 
(ID), This does not bode well 
for globalized conservation ap- 
proaches, which require that the 
often inadequately evaluated 
strategies of developed country 
INGOs be adopted by develop- 
ing countries (72, 13). Such top- 
down approaches ean fail to Link 
agendas of a broad constituency 


of local communities, scientists, 
conservation practitioners, and 
policy-makers (/4. 1. 

In some cases, the investments 


of foreign conservationists are 
seen as threat to sovereignty and an imposi- 
tion on local peoples. For instance, in Bolivia 
where INGOs like Wildlife Conservation 
Society and Conservation International have 
helped establish and manage national parks, 
there have been calls for the “nationalization” 
of protected areas, Although protected areas 
have never been out of government control, 
foreign organizations are seen by some 
Bolivians as usurping control of national ter- 
ritory and as having disempowered grass- 
roots efforts. Here, it has proven difficult to 
munities 


intentions (16-18) Similarly, calls made by 
international conservationists to remove tris 
people from parks in India to better protect 
tigers may have further polarized positions, 
making the search for workable solutions 
even more difficult (/9), 

It can be argued that INGOs are funda- 
mentally different from globalizing corpora- 


SCIENCE VOL317 


Successful global strategies for biodiversity 
conservation require increasing reliance on 
local leadership and major investment in 
local capacity. 


ions, What leads to suecess in commerce is 
profit, whereas success in developing country 
‘conservation typically hinges on local support 
to sustain results, Globalization of industry 
followed three phases (20): first the 19th-cen- 
tury “international model.” with companies 
selling goods through overseas sales offices; 
then, the 20th-century classic multinational 
corporation, where the parent ereated smaller 
versions of itself overseas: and finally, the 
2ist-century globally integrated enterprise, 
\where the corporation acts as a single global 
entity, able to place people and operations 
anywhere around the world, The most effec- 
tive modern multinationals recognize the 
importance of local knowledge, e.g, for 
product sales. However, generalized global 
approaches fail for biodiversity conservation 
at local scales, because solutions must inte- 
grate extremely diverse natural, sociveco- 
nomic, and cultural systems and usually 
require a sense of community ownership. 
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‘One trend in the globalization of conserva- 
tion is that INGOs are increasingly register- 
ing in developing countries. For example, 
Conservation International and The Nature 
Conservancy are now legally registered in at 
least 18 and 23 developing world countries, 
respectively (21, 22). This provides greater 
accountability to national governments and 
donors, but also enables them to compete for 
funds with local NGOs, which may decrease 
efforts to strengthen local institutions, This. 
ean result in developing-world conservation- 
. with locally tuned priorities but lacking 
donor connections, being obliged to obtain 
funds from INGOs pushing global agendas. 
Ultimately. this can lead to INGOs edging out 
local institutions essential for sustaining long- 
term conservation (/9). It also means that 
changes in donor or INGO priorities can 
lead to abrupt withdrawals of support. Con- 
servation efforts then fail if local conserva- 
tionists have not been trained, or local institu 
tions have not been developed with their own 
programs and funding. Training is usually 
insufficiently supported: ¢., only 4% of the 
US.S3.26 billion invested in Latin American 
biodiversity conservation between 1990 and 
1997 was specifically spent on capacity 
‘building (23), Similarly, the ULS. Agency for 
International Development, key supporter of 
international conservation, has eut back uni 
versity scholarships in all fields for develop- 
ing world students to 900 per year from a pre 
vious 20,000 (24), Furthermore, the lack of 
long-term career structures often results in 
scarce local practitioners migrating to devel- 
‘oped countries, weakening conservation 
infrastructure in front-line countries. 

Biodiversity conservation continues to 
require improved integration with human 
welfare concerns. This has been central to 
a long-standing debate among environ- 
mentalists stretching back at least to the 
1970s when the Club of Rome think-tank, 
in its “Limits to Growth.” emphasized the 
Jobal risk to humanity and ecosystems 
from natural resource depletion, greatly 
influencing the modern environmental 
‘movement (25). At the same time, developing- 
world scientists from the Bariloche Foun- 
dation in Argentina produced the “Latin 
American World Model.” which stressed 
the need to address socioeconomic con- 
cerns to build what we would now call a 
sustainable society (26). 

Investment will be most effective where 
such issues (as well as social justice and gov- 
erance regimes) are addressed adequately 
and where local capacity exists: however, con- 
servationists need not abandon countries that 
score poorly on development criteria. Here, 
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support can be targeted and managed so that 
local capacity is built and marginalized 
indigenous peoples and other local stake- 
holders become equal partners to maximize 
prospects for success (5), Part of the solution 
isto increase local pools of practitioners at all 
levels, from community parabiologists to uni- 
versity professors and government officials 
(27), INGOs could provide funds for salary 
and staff retention at local organizations. 
Investment in scholarships for first-world uni 
versities could be matched with funds for 
strengthening developing country universities 
and technical programs where studentships 
typically cost much less. 

Bolstering independent local institutions 

«civil society organizations, universi- 
and local government agencies) is key 
to keeping conservation on national agendas 
in developing countries. Small, locally 
focused organizations working at the front 
lines of biodiversity loss are often the most 
effective: witness the rise of communit 
based conservation projects across the 
developing world with examples including 
the Mamiraui Sustainable Development Re- 
serve and the Pontal do Parapanema area in 
Brazil, the Kaa-lya del Gran Chaco National 
Park in Bolivia, and other similar areas in 
Africa (28. 29). In these cases, although 
international assistance sometimes provided 
essential help, key to success has been the 
existence of strong local organizations to 
take the lead in implementing management. 
This may hold true even in developed coun- 
tries, where local chapters of national cor 
servation NGOs are often the groups that 
effect change (e.g... regional chapters of the 
Audubon Society in the U.S.A.). Although 
such institutions are weak in much of the 
developing world (30), they are critically 
important, because they can adapt the con- 
servation agenda for local implementation, 
worki iboratively with government 
institutions and policy-makers. The bottom 
line is that biodiversity will only be con- 
served if local people and interests want to 
save it for ethical and broadly utilitarian pur- 
poses. This level of support has to be large 
‘enough to resist a minority that may seek 
alternative land uses for narrowly selfish 
utilitarian reasons. 

Some INGOs have fostered collabora- 
tion by setting up egalitarian networks of 
local conservation organizations that are 
mutually supporting. around the world. 
Examples include Birdlife International 
(3D) and the Wildlife Trust Alliance (32). In 
these cases, developed country NGOs help 
raise funds for agendas set by local partnet 
We recognize that INGOs have efficiencies 


of scale and operation, as well as an im- 
portant role in influencing global policy. 
However, we argue that leadership in con- 
servation has to be decentralized and better 
integrated into local conditions. Locally 
produced strategies and agendas, imple- 
‘mented by strong local institutions and indi- 
viduals are key to succes 
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NEUROSCIENCE 


Shining Light on Depression 


Thomas R. Insel 


ust as research duri 
Ji (1990-2000) forged the bridge 

between the mind and the brain, 
research in the current decade is helping us 
to understand mental illnesses as brain dis- 
orders. As a result, the distinction between 
disorders of neurology (e.g. Parkinson's and 
Alzheimer’s diseases) and disorders of psy- 
chiatry (e.g, schizophrenia and depression) 
may turn out to be increasingly subtle. That 
is, the former may result from focal lesions 
in the brain, whereas the latter arise from 
abnormal activity in specific brain circuits 
in the absence of a detectable lesion, As we 
become more adept at detecting lesions that 
lead to abnormal function, itis even possible 
that the distinction between neurological 
and psychiatric disorders will vanish, lead- 
ing to a combined discipline of clinical 
neuroscience (/) 

But before we ean understand depression 
as a brain disorder, we need information on 
the specific neuronal circuits that contribute 
to the hopeless despair that forms the core of 
this illness. Neuroimaging studies of people 
With depression might be helpful for identity- 
ing brain regions of interest, but the temporal 
and spatial resolution of current functional 
magnetic resonance imaging and positron 
emission tomography may not capture the 
real-time dynamics of brain function that are 
inst relevant to mood and cognition. na new 
approach, Airan ef al. report on page 819 of 
thisissue the use of optical imaging to capture 
cellular activity at millisecond resolution in 
brain slices (2). Their study. which uses 
rodents with some of the behavioral features 
of depression, does not define the neurobiol- 
gy of depression in humans, but it demon- 
strates how optical imaging —in this case, 
using voltage-sensitive dyes—can identify 
changes in brain activity, enabling corre 
tions between real-time cellular activity a 
changing affective state 

The findings of Airan et al. are consistent 
with other results that implicate the hip- 
pocampus in rodent studies of depression. 
Chronic or intense stressors, such as social 
defeat, result in behaviors that resemble 
human depression, and these stressors have 


nd 
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Subgenual prefrontal cortex. 


Real-time, high-speed optical imaging is a 
promising approach for elucidating networks of 
brain activity associated with depression, 


{In search of the core of depression. Imaging brain activity in 
‘human patients suffering from depression or in animal models of 
the disease will help to link brain activity in regions such as the 
hippocampus and prefrontal cortex tobehavioral disorders (10,12) 


been reported to reduce hippocampal neuro- 
genesis (3). They also down-regulate the hip- 
pocampal expression of brain-derived ne 
rotrophic factor (4), a molecule that promotes 
ncuron survival, proliferation, and differenti 
tion. Clinically effective antidepressants it 
crease hippocampal neurogenesis (5), and 
blocking neurogenesis during treatment pre- 
‘vents the antidepressant effect in rodents (6). 

‘What about the hippocampus and human 
depression? Major depressive disorder is 
associated with cognitive deficits and dysreg 
ulation of the hypothalami 
(HPA) axis, part of the neuroendocrine sys 
tem that controls the stress response, Because 
the hippocampus is involved in both forming 
ew memories and regulating the HPA axis, 
‘one might expect a link between depression 
and the hippocampus. Indeed, some human 
neuroimaging studies have reported a subtle 
reduction in the size of the hippocampus in 
patients with depression (7), and postmortem 
studies have reported alterations in hippo 
ccampal gene expression (8). But the eviden 
thus faris unconvincing. Humans with hippo- 
campal lesions have memory deficits but not 
‘mood disorders (9). And none of the imaging 
or postmortem findings have been shown 
to be specific to the hippocampus or to 
major depressive disorder. Although the 
absence of evidence is hardly evidence of 
absence, most recent clinical studies of the 
neurobiology of depression have been fol- 
lowing a different lead. 

Neuroimaging studies of humans with 
major depressive disorder have lar 
pointed to prefrontal sites. especially imp! 
cating an area in the midline subgenual ante- 
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rior cingulate cortex, often denoted as area 25 
(see the figure) (/0, 11). Not only does this 
region appear abnormal on structural and 
functional scans (10, 11), butalso itis enriched 
with the serotonin transporter, a target for 
‘many antidepressant drugs. Individuals inher= 
iting a risk allele within the promoter of the 
serotonin transporter gene have reduced vol- 
lume of area 25 and reduced functional cou- 
pling ofthis region to the amygdala, a subcorti- 
cal region implicated in the regulation of emo- 
tion (/2), An initial study of treatment-resistant 
depressed patients reports that deep brain stim~ 
ulation adjacent to area 25 relieves the symp- 
toms of major depressive disorder (/3) 

How do we resolve the differences be~ 
tween rodent studies that implicate the hip- 
pocampus and human studies that implicate 
the midline prefrontal cortex? Of course, the 
discrepancies might be attributed to neu- 
roanatomical differences between rodent and 
human brains. Rodents have at most a primi 
tive subgenual anterior cingulate cortex, 
\whereas this region in the primate brain shows 
extensive connections with subcortical and 
cortical targets (/4). But other fundamental 
issues should be kept in mind when jumping 
from studies of rodent behavior to human psy- 
chopathology. Human psychiatric disorders 
are complicated amalgams of affective, cogni- 
tive, and behavioral abnormalities. We might 
model aspects of one of these dimensions, 
suchas helplessnessormemory loss in rodents; 
but we are then studying an aspect of the dis- 
order, not the disorder itself. 

Major depressive disorder, the result ofan 
unfortunate convergence of genetic and envi- 
ronmental factors, is certainly more than the 
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sum of its observable parts. Identifying brain 
regions correlated with “the parts” will be an 
important next step for human imaging stud- 
ies, but the field will need to avoid high-tech 
phrenology. Understanding the neurobiology 
‘of abnormal mood regulation will not be 
accomplished through the identification of a 
focal lesion or a single explanatory hot spot. 
The task will be to define altered activity 
within a functional neuronal network that 
might well include both the ventral hippocam- 
pus and midline prefrontal cortex (15), The 
importance of the new report by Airan ef al. 
is the demonstration of abnormal network 


dynamics in a defined circuit through the use 
ofa technique with combined spatial and tem- 
poral resolution that we have not even begun 
to consider for human studies. We are not able 
toapply vokage-sensitive dye imaging to peo- 
ple with major depressive disonder, but studies 
{in mode! animals that help us to link behavior 
to real-time circuit information will be the 
foundation for understanding depression as a 
brain disorder. 
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EVOLUTION 


An Embarrassment of Switches 


Leonid Kruglyak and David L. Stern 


hat makes a human different from 
a chimpanzee or a mouse? OF 
course, we know the answer in 


broad outlis [utations in the genome, sifted 
by natural selection, cause changes in appear- 
hysiology. and behavior —what geneti- 
cists call the phenotype. But we have only a 
vague picture of a more detailed answer, 
Precisely which mutations generate pheno- 
typie evolution? It's not that we can't find the 
‘mutations, Today's DNA sequencing technol- 
ogy readily identifies all differences between 
‘uvo genomes. There are simply too many dif= 
ferences—tens of millions between human 
and chimp, for example (/). An unknown fine~ 
tion of these mutations alter the phenotype. 
Nonetheless, the molecular effects of muta~ 
tions provide a rough guide to their pheno- 
typic effects. Some mutations change the 
amino acid sequence of proteins, thereby 
altering their functions, and some change so- 
called cis-regulatory regions, altering when 
and where proteins are produced. We know a 
lot about the first class, but much less about 
the second. Several recent papers, including 
‘one by Borneman et al. on page 815 of this 
issue (2), demonstrate a surprising abundance 
of cis-regulatory changes between closely 
related species. 

Itis easy to identify mutations that alter 
proteins, because of the simplicity of the 
genetic code, Linear strings of DNA nucleo- 
tide triplets encode proteins, and each triplet 
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Asurprising abundance of evolutionary 
changes in transcription factor binding 
sites may obscure the causes of phenotypic 
divergence, 


‘Species difference in regulatory region of gene X 


‘Man or mouse? Both the presence and absence of transcription factor binding sites in a genome, as well as 
the binding of transcription factors to sites that are present, can differ between species and may account for 


differences in gene expression and phenotype. 


always specifies a particular amino acid. 
Thus, mutations that alter a protein can be 
immediately read off from the DNA sequence. 
By contrast, we are only beginning to under- 
stand how the cis-regulatory code works (3). 
Cis-regulatory regions contain short strings 
of nucleotides, from 6 to 20 nucleotides in 
length, scattered irregularly in the vicinity of 
the protein-coding DNA. Proteins called tran- 
scription factors bind to these short DNA 
strings—transcription factor binding sites 

to regulate the production of messenger RNA 
and thus the synthesis of proteins. In 1975, 
King and Wilson found that only about 1% of 


amino acids differed between a set of human 
and chimpanzee proteins (4). They thus 
proposed that changes in cis-regulatory 
regions—evolutionary switching of transerip- 
tion factor binding sites—might cause the 
majority of phenotypic differences between 
species. This hypothesis has gained support 
from studies over the past decade (5). 

Recent computational studies across 
species illustrate that many transcription fi 
torbinding sites have evolved quickly. That is, 
binding sites present in one species are often 
absent in another (6-8). New findings provi 
experimental evidence for this conclusion, 
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These studies use a technique called chro- 
matin immunoprecipitation to capture from 
cells a particular transcription factor along 
\ith its bound short DNA strings, These DNA 
strings are then identified by hybridization to 
DNA microarrays (9, /0). 

Using this approach, Borneman et al. 
‘examined binding of two transcription factors 
in three yeast species. In only about 20% of 
cases did a transcription factor bind to the 
‘same site (meaning, approximately the same 
Position with respect to the target gene) in all 
three species. In some cases, the absence of 
binding corresponded to a loss of the appro- 
priate binding site. Surprisingly, in other 
ceases, the absence of binding in one spec 
‘occurred despite conservation of the DNA 
sequence. In a similar study that compared 
transcription factor binding between human 
and mouse genomes, Odom et al, (17) found 
that 41 to 89% of cis-regulatory regions 
bound in one species were not bound in the 
other. Even when the same gene region was 
bound by a particular transcription factor in 
both species, the precise position of the bound 
site with respect to the target gene often df= 
fered between spec 

Do all of these evolutionary switches in 
transcription factor binding sites cause pheno- 
typie differences? For two reasons, it seems 
likely that many do not. First, change of a sin- 


gle site may not alter gene expression. 
Transcription factors often bind to multiple 
sites within the same cis-regulatory region 
and act synergistically to regulate gene 
expression (3) (see the figure). Thus. individ- 
ual binding sites may be gained and lost dur- 
ing evolution while the phenotype remains the 
same (J2, 13). Second, the phenotype is robust 
to some changes in gene expression (/4). For 
example, changes in enzyme concentration 
Often have litte effect on the output of a meta- 
bolic pathway (15 
Thus, while the new results support a 
major role for cis-regulatory mutationsin evo- 
lution, they leave us little eloser to the ques- 
tion we first posed: Which DNA changes 
make species different? The definitive way to 
identify the mutations causing phenotypic 
differences is to perform a genetic eross 
between species, and then trace the associa- 
tion between genomic locations and pheno- 
types in offspring. But most species pairs are 
too diverged to mate and produce viable off 
spring, and this approach is morally untenable 
for humans and chimpanzees. Therefore, the 
discovery of the specific genomic changes 
that make species different will rely lanzely 
‘computational and experimental searches for 
Putative functional differences. 
The experimental approach discussed 
i to identify the DNA differences 
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that may influence gene expression. The 
large number of changes discovered, how- 
ever. emphasizes the difficulty of the prob- 
Jem. Distinguishing between DNA changes 
that merely alter transcription factor bind- 
ing and those that actually alter the pheno- 
type requires innovative approaches for 
inferring the phenotypic consequences of 
molecular switches, 
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CHEMISTRY 


Molecules Take the Heat 


‘Abraham Nitzan 


‘ubiquitous in everyday life, from pkan- 
ning efficient air conditioners to deal- 
ing with overheated car engines. Such heat 
transfer is also of critical importance for the 
stability and performance of the extremely 
small systems considered in nanotechnology 
applications. In this regime. new scientit 
‘questions arise. In particular, advances in 
molecular electronics (where molecules are 
active components in nanometer-scale elec 
tronic circuits) require heating and heat trans 
port to be understood and controlled on the 
molecular scale. On page 787 of this issue, 
Dlott and co-workers (/) report an important 
step in this direction. The authors deseribe and 
apply a novel method for measuring heat con- 
duction through a monomolecular layer. 


P roblems of heating and heat transfer are 
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Heat flow into or out ofa macroscopic 
ly be monitored by measuring the 

cchange in the system temperature with a con- 

ventional thermometer. Cart g out such 

measurements on the molecular scale is much 

more difficult, First, in a heat-conducting 

molecular wire, local temperature may 

change along the molecule, requiring temper- 
ature to be gauged with submolecular resolu- 
tion. Second. the thermal response may need 

to be detected at the picosecond (I ps = 10 
's) time scale that characterizes molecular 
relaxation processes. Finally. researchers have 
to guard against artifacts associated with noise 
and cope with competing energy transfer 
processes to and from the surrounding macro- 
scopic environment. 

‘Schwab et al, have previously scaled ther- 
mal measurements down to a few microme- 
ters(2).and Kim et al. have measured the heat 
transport properties of carbon nanotubes of 


temean 
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‘Advances in understanding how heat is 
transported through molecules will help to 
‘guide the development of molecular 
electronic devices. 


similar length (3), Dlott and co-workers now 
take a bottom-up approach, studying heat 
transport through monomolecular hydro- 
carbon layers of varying chain lengths with 
6 to 24 carbon atoms. In these insulating 
systems, heat transport is dominated by vibra 
tional motions. 

R. Y. Wang eral, have previously reported 
‘experiments in which monomolecular layer 
connects gallium arsenide and gold surfaces 
via sulfur end groups, They inferred the ther- 
mal conduction of the layer from the electrical 
resistance to an oscillatory driving current on 
the gold (4). Dlott and co-workers use a differ- 
cent approach: They attach the molecules at 
one end via sulfur bonds toa gold layer 
deposited on glass; the other ends, terminated 
by methyl groups, point outward. These 
methyl ends form a two-dimensional surface, 
situated above the gold substrate at a distance 
determined by the length of the molecular 
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How molecules heat 
workers, heat is transf 


chain and its tilt with respect to the surface. 

‘The authors use a short laser pulse to heat the 
gold substrate to an estimated temperature of 
800°C and measure the rate at which thermal 
energy reaches the methyl end of the mole- 
cules (see the first figure). They do soby using 
a method called sum-frequency generation to 
follow the disorder that developsas the methyl 
groups heat up. 

Analysis of the observed time evolution 
yields two characteristic times, both propor- 
tional to the molecular chain length. Dlott and 
co-workers interpret the time delay, 4 
between the heating laser pulse and the onset 
of disorder at the methyl end of the monomol- 
ecular layer as the time it takes 
for the heat pulse to travel 
between the hot gold substrate 
and that methyl end. Its linear 
dependence on chain length indi- 
cates the ballistic (that is, inter- 
muption-free) nature of this travel, 
The other time, t, governs the 
relaxation of this energy pulse 
and the evolution of thermal dis- 
order; its dependence on molecu 
Jar length reflects the fact that the 
rate of temperature increase in 
the monomolecular layer is inversely propor- 
tional to its heat capacity and, therefore. to 
its thickness. 


ic heat transfer observed in (7.4) 
is similar to the free propagation of energy 
along chain of beads connected by harmon 
springs after the first bead is pushed (see the 
second figure, bottom panel). In contrast, 
‘macroscopic heat conduction isan enerey-<if- 
fusion process (see the second figure, top 
panel), governed by collisions with impurities 
and anharmonic interactions, in which heat 
spreads like a drop of ink inserted into water. 
Dlot and co-workers find that fy and t 
extrapolate to essentially zero at chain lengths 


I the experiments reported by Dlott and co- 
ed from the heated gold substrate along the 
molecular chain, causing the chain to become increasingly disordered. 


shorter than four carbon 
atoms. If we think of the 
molecule as a collection 
of ballistics pathways for 
‘energy transfer (called nor- 
mal modes), most of these 
pathways appear to be op- 
eerational for chains shorter 
than four atoms but be- 
come blocked (localized) 
beyond this length. These 
‘observations are consistent 
with calculations (5) and 
earlier observations (6) of 
chain-length dependence 
of vibrational energy trans 
fer in alkane molecules. 
These studies (/.4) con- 
tinue a string of recent exciting experiments 
fon heat transport in nanojunctions, which 
demonstrated the existence of a fundamental 
quantum unit of heat transport (that i, a limit 
oon the maximum conductance per pathway) 
2, 7), thermal rectification (that is, preferred 
conduction in one direction) (8) and a transis~ 
tor-like nanoreffigerator (9). These experi- 
iments raise important issues regarding the 


i 


nature of heat conduction in such junctions, 
including molecular junctions, 

First isthe analogy between enengy trans 
ferand electronic transport in such systems. In 
their ballistic regimes, both of these transport 
phenomena can be described by Landauer’s 


Ballistic conduction 


theory for electronic conduction, For exam- 
ple, the quantum unit of heat conduction has 
the same origin as the analogous unit in elec- 
tronic conduction. Considerations of molecu- 
lar heat rectification (8, 10) were motivated by 
earlier studies of rectification in molecular- 
conduction junctions. Ge et al. (//) have 
reported first steps toward addressing the rela- 
tion between structure and function in molec- 
ular heat conduction, a problem much studied 
inelectronic conducti 

Second is the realization that a full des- 
cription of molecular conduction junctions 
requires consideration of both electronic and 
heat conduction, which together determine 


the temperature rise in such systems under 
operating conditions. Theoreticians have only 
recently targeted this important problem (/0), 
and a first attempt to determine junction tem- 
perature was recently made (72), The same 
framework can be used to discuss the thermo- 
electric effect in molecular junctions (/3, /4), 
whose first experimental manifestation was 
recently published (/5). 

Next is the observation that molecular 
(vibrational) heat transport is closely related 
to the long-studied problem of molecular 
vibrational energy redistribution, which deter- 
mines the amount of energy available to t 
reaction in many chemical processes, Future 
efforts to elucidate energy transfer pathways 
and identify efficient carrier modes in molee- 
ular heat conduction will benefit from experi- 
ence gained in these earlier studies, 

Finally, the ballistic heat transport on the 
molecular scale must become diffusive in 
larger systems, where anharmonic inter 
tionsandd external collisions become effectiv 
The role played by stich interactions and the 
nature of this change are other important 
issues for future studies. 

‘Thermometry. heat conduction, and ther- 
moelectricity are old problems that pose 
new fundamental questions and experimental 
challenges when studied on the molecular 
scale, Heating issues in molecular eleetroni 
and visions of future applications to molecu 
heat engines and nanorefrigerators add a 
strong technological motivation for the 
studies. The experiment of Dlottand co-workers 
and other recent advances (4, 7-9, 11, 12, 15) 
are first important steps in what promises to 
bean exciting endeavor, 
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PHILOSOPHY OF SCIENCE 


The Cha-Cha-Cha Theory of 
Scientific Discovery 


Danie! E. Koshland Jr 


ciemtifie discoveries are the steps 
some small, some big—on the staircase 
called progress, which has led to a bet- 


ter life for the citizens of the world. Each set- 


entific discovery is made possible by the 
arrangement of neurons in the briin of one 
individual and as such is idiosyneratic. In 
looking back on centuries of scientific discov 


ts that they fall into three categories 
Challenge, and Chanee—that com- 
Cha-Cha” Theory of Sei- 
ic Discovery. (Nonscientifie discoveries 


Chi 
bine into a "Chi 


can be categorized similarly.) 

“Chi 
are quite obvious. 
stand the movement of stars in the sky 


discoveries solve problems that 


cure heart disease, under 
but in 
Which the way to solve the problem is not so 
clear, In these, the scientist is called on, as 


10, Koshland J. passed away on 23 uly 2007. He was a 
professor of blochemistry and molecular and cell biology at 
the University of California, Berkeley, since 1965. He served 
as Science's edito-n-chle rom 1985 t0 1995, 


Problem that needed solving 
Movement of tars, Earth, and Sun 
Structure of GH, 

Clear spots on petri dish 

Constant speed of ht 

Preventing heart attacks 

Crystals of o- and +t tartaric acid 
‘omic spectra that could not be expiained 
How DNA replicates and pases on coding 
Reagent “stuck in storage cylinder 

Why offspring ook tke their parents 


Nobel laureate Albert Szent-Gyir 
see wh: 


yi put it 
everyone else has seen and think what 
ght before.” Thus, the 
movement of stars in the sky and the fall ofan 
apple from a tree were apparent to everyone, 
but Isiae Newton came up with the concept « 
ravity to explain it ll in one great theory 
‘Challer 


no one else has thou 


discoveries an 


a response to 


ulation of facts ¢ 


concepts that are 
unexplained by or incongruous with scientific 
theories of the time. The discoverer perceives 
that a new concept ora new theory is required 
to pull all the phenome erent 
whole 


Sometimes the discoverer sees the 
rovides the solution, 
ny people perceive the anom. 
they wait for the discoverer to pro- 
new concept. Those individuals, whom 
contribute 
to science, but it is the individual who pro- 
all ofthe a 
» be called a discoverer. 

discoveries are those that are 


Sometimes 1 


poses the idea exp 


who deserve 
Chance’ 


CATEGORIES OF DISCOVERY 


PERSPECTIVI 


Dividing the discovery process into three 
categories can aid in understanding the 
genesis of small, everyday advances as well as 
breakthroughs that appear in history books. 


often called serendipitous and which Louis 
Pasteur felt favored “the prepared mind.” In 


this category are the instances of a chance 


event that the ready mind recognizes as 
important 
tists. This categ 


id then explains to other seien- 
y not only would include 


Pasteur's discovery of optical activity (D and L 
isomers), but also W, C, Roentgen’s x-raysand 


Roy Plunket’s Teflon, These scientists saw 
what no one else had seen or reported and 
were able to realize its importance, 

There are well-known examples in each 
one of the Cha-Cha-Cha cat 


(see the 


figure). Two conclusions are immediately 
apparent. The first is that the o 
bution of the discoverer can be applied at dif 
ints in the solution of problem, In 


category, originality lies in the 
devising of a solution, not in the pereeption of 
the problem, In the Challenge category, the 


nality is in pereeiving the anomalies and 


their importance and devising a new concept 


that explains them. In the Chanee category 


Discovery Discoverer Category of discovery 
Gravity Newton Charge 
Benzene structure Kekulé Challenge 
Penkitin Fleming Chance 
Special relativity Einstein Challenge 
‘Cholesterol metabatism Brown & Galdstein Charge 
Optical activity Pasteur Chance 
‘Quantum mechanical atom Bohr Challenge 
Base pairing in double helix Watson 8 Crick Challenge 
Telon Plunkett Chance 
Lans of heredity Mendel Charge 
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the original contribution is the perception of 
the importance of the accident and articulat- 
ing the phenomenon on which it throws light. 

‘Second, most important discoveries are usu- 
ally not solved in one: ” moment, as 
movie scripts sometimes suggest, True, there 
are moments in which a scientist has been 
‘mulling over various facts and problems and 
suddenly puts them all together, but most major 
discoveries require scientists to make not one 
but a number of original discoveries and to per- 
in pursuing them until a discovery is com- 
plete. Thus, to solidify his theory of gravity, 
‘Newton developed calculus and laws of physics 
‘that he described in his Principia, Ina modern 
example, Michael Brown and Joseph Gokdstein 
not only studied the metabolism of cholesterol 
butalso discovered the role of lipoprotein recep 
tors and the movement of key proteins from the 
‘outside tothe interior of cells, Great discoveries 
‘are frequently covered in textbooks witha single 
‘word or phrase, but the concepts actually 
bocome solidified as scientific understanding 
bya serievof discoveries 

Itis also pertinent to define “the prepared 
‘mind” that is required for all of these inno- 
vations, Such a mind must be curious and 
knowledgeable, Curious refers to the fact that 


the individual is interested in phenomena 
and is constantly seeking to understand and 
explain them. Knowledgeable means that the 
individual has a background of factsand theo- 
ries as a fertile incubator into which the new 
facts can fall, 

The Cha-Cha-Cha Theory pertains to 
small everyday findings by scientists as well 
as the big discoveries that appear in history 
books. When, for example. a researcher dis- 
covers a new chemical isolated from a plant, 
there is so much understood today that the 
“charge” to that scientist is to find the for- 
‘mula and structure of the compound. There 
are now many ways to find the structure of an 
unknown chemical. Along the way there may 
be anomalous results that present challenges 
to the scientist and unexpected findings that 
‘must be interpreted by the prepared mind. So 
each of these represent real discoveries, not 
as big as a theory of gravity, but important 
just the same. 

ally, sciemtfic discoveries are not that 
from nonsciemtific discoveries. 
. there was an obvious 
“change” for a set of rules to guide conduct in 
the close environment of a village that led to 
social customs and religious guidelines such 


as the Ten Commandments. As more complex 
societies emerged, the idea of a democratic 
vote probably resulted from a “charge” that 
‘saw the importance of getting consensus, The 
‘Magna Carta and the Bill of Rights came out 
of “challenges” to an entrenched social sys- 
tem. So when Einstein said that scientific 
thinking and general thinking were not that 
different, he probably meant that the patterns 
of thought of those with “prepared minds” in 
government and law operated by some of the 
same general principles as science, even 
though the methods of science and law are 
very different, 

‘Someday we may understand the arrange~ 
ment of neurons in the brain enough to 
understand how originality can arise. A wild 
guess would be that the brain of a discoverer 
has.a greater tendency than the average indi- 
vidual to relate facts from highly s 
compartments of the brain to each other. As 
a step to making that Herculean problem 
tractable, we ean at least follow the traditions 
of scientific reductionism and use the 
Charge, Challenge, ries to 
make the interpretation of brain imaging 
experiments easier to analyze, 

oan26scencer147166 


APPLIED PHYSICS 


How to Strum a Nanobar 


Miles Blencowe 


‘anotechnologists. are increasingly 
interested in chanical vibrat- 
ing structures as fast, sensitive detec- 


tors a such propert 
ike yood decors because fat esa ita 
sealing wax changes the frequency of a tun- 
ing fork, the properties of a nanoresonator 
will change in 
Nanomechanical resonators may also be suit- 
able as ultracompact, high-frequency filters 
and mixers for electromagnetic signals (4), 
That is, by tailoring the vibrati 
ofthe Hevevire, only selet frequencies ae 
detected. For these applications to be feasible, 
itis crucial that we have the ability to drive the 
nanomechanical resonator into motion with 
an electromagnetic force (i.e, “actuate” the 
resonator) in an efficient and controllable 
way. At the same time, the delicate quivering 


‘The author sin the Department of Physics and Astronomy, 
Dartmouth College, Hanover, NH 03755, USA. E-mail: 
blencowe@ dartmouth edu 


of a nanomechanical resonatoras it responds. 
toa local stimulus must be efficiently trans- 
duced into an electromagnetic signal that can 
he amplified to measurable levels. These 
requirements of efficiency, compactness, and 
speed favor methods of actuation and trans- 
duction that are part of the nanomechanical 
resonator itself 

On page 780 of this issue (5), Masmanidis 
et al. demonstrate an intrinsic actuation met- 
hod ideally suited to nanoscale mechanical 
resonators. The method relies on a property of 
some crystals called piezoelectricity (6). 
deriving from the Greek piezen, meaning “to 
press.” As the name suggests, stressing such a 
crystal will produce a corresponding voltage 
between certain faces of the crystal. Con- 
versely. applying a voltage between the same 


faces will generate a corresponding mech- 


anical deformation or strain of the crystal. 
‘Masmanidis er al. use both singly clamped 
cantilevers and doubly clamped bridge res- 
donators (see the micrograph) that are fash- 
ioned from gallium arsenide (GaAs) (7). The 


‘Amethod for vibrating a nanocantilever may 
yield much more sensitive measurement tools 
and computers based on mechanical logic 
devices, 


underlying GaAs crystal orientation is chosen 
such that applying a voltage between the top 
and bottom faces will cause it to either elon- 
te or shorten, depending on the polarity of 
the applied electric field. 

To understand better how the motion is 
produced, consider a GaAs cantilever and 
suppose that an ac voltage source is applied 
between its top and bottom faces, Ifthe 
quency of the ac voltage matches that of one 
of the cantilever's longitudinal vibration 
modes (i¢., stretching modes along the di 
tion of the ). then the cantilever will 
ring at this frequency. However, longitudinal 
modes are difficult to detect because of their 
relatively high frequencies and small dis- 
placement amplitudes. As with stringed mus 
cal instruments, itis preferable to excite the 
lower frequency, bending modes of the can- 
tilever, especially the fundamental mode. The 
‘method of actuation should also be internal to 
the cantilever and not require external ele 
trodes attached to its top and bottom face 

Masmanidis et al. elegantly meet both of 
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Cantilever logic. A nanomechanical the de voltage was increasingly re- 
logic d 
ai. that i 


ice studied by Masmanidis et yerse-biased. This method of actuation 
he analog of a conventional strength control is uniquely suited to 
logic element called the “exclusive-OR ations in the 
(KOR) gate. The three different doping 
densities of the 200-na-thick PIN diode 
arms have been shaded for arity (pur 
puts gic gate 
are represented by the two cantilevers, 
hich are isolated electrically but con 
nected mechanically. The output is rep 
resented by the 
L-shaped struc 
applied to either a 
nultaneously clamped bridg 
Ji 
al mechanical frequency of the resonator. 


the nanoscale, where vai 
depletion width are comparable to 


the beam cross sections themselves, 
st, cantilevers larger than 


ple to blue). TI 


nanoscale (that is, devices larger than a 
few hundred nanometers) would show 
marginal actuation efficiency control, 


Masmanidis e¢ al. achieved addi- 
dre. There's appreciable tional control by applyin, 
y when a signal is adjustable de voltage to the top 
\d bottom electrodes of a doubly 


lective motion of the 


but not both resonator, The result- 


induced piezoelectric s 


such that the ve a stress that changes the funda- 


these challenges by selectively doping the top rate reverse-biased de voltag 


and bottom regions of the cantilever crystal electrons in the top n-type layer and holes in men 
\with negatively and positively charged donor — the bottom p-type layer are pulled away from — in much the same way that a stringed instru 
und by either tightening or loos 


impurity atoms (see the diagram), respectively. the depletion region, causes the latter to menteanbe 


The n-type impurity atoms contribute excess increase in width and also to shift relative to ening its 
ers (electrons) to the top the cantilever’s center axis. Depending on the Transduction is at least as important as 


sctuation in nanomechanical sensing and sig- 
processing applications. It would be most 


layer, whereas the p-type impurity atoms con- initial location of the depletion re 
uated flexing 


tribute excess positive charge carriers (holes) unbiased ease, the ac mpli 


yelay- tude could be made either k 


to the bottom layer. The conducting chat ger or smaller, as ural to transduce the motions of the GaAs 


ers function as built-in elec onators Via the same piezoelectric mech 


trodes, sindwiching a much GaAs cantilever nism as used for actuation (8), However, large 


higher resistance middle layer n-type stray capacitances at the input stages of the 
called the depletion region, Ete int electronic amplifiers can effectively short out 


Where most of the piezoelectri- the tiny piezoelectric signals at the MHz and 


cally induced stress occurs. The higher radio frequencies of interest. 


combined layer structure of If such problems can be overcome and the 


p-type, intrinsic, and methods of transduction and actuation further 
materials is called a “PIN 
4 diode. If the n- and p-type lay 


ers are made with different 


type 


fined, then we might look forward one day 
to machines with all mechanical nanoscale 


logic elements (9), which are both electrically 


nd electrically monitored, We will 


controlled 


thicknesses, the depletion reg- 


ion can be located off center E-field then have come full circle, emulating the ideas 


with respect to the cantilever’ of full mechanical control and conyputation 
axis, Thus, an induced stress is invented by individuals such as Jacquard (10) 
® hot applied evenly across the and Babbage (//) in the 18th and 19th cen 
8 cantilever cross section, caus- turies, only now nearly six orders of magni- 
§ ing itto bend or lex, as desired. tude smaller inde 

e This method of actuation is 

8 remarkably efficient and sensi- References and Notes 
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WNTRODUCTION 


The Electron Stopwatch 


THE PRECISION ATTAINABLE IN TIN 
fast a human bein, 


NG EVENTS ONCE DEPENDED ON HOW 
‘ould press the button on a stopwatch, More recently, pulsed laser 


sources have taken the place of those hand-held devices for measuring the fastest 
for tracking the time seale of nuclear motion in free 
le cycle of visible light 
imately 0,000000000000001 second, or | femtosecond. Electrons move even 


that. 


molecules and solids was limited by the duration of a 


an indiscrete blur. Over the past several years, however, laser technology has crossed the 


Ureshold into the attosccond regime (a thousandth of a femtosecond). This series of 


lights the methods underlying this advance and the scientific 
d 


Bucksbaum (p. 766) lays out the essential physics of high harmonic generation, 


three Reviews hi 


prospects they have ¢ 


technique whereby an intense laser field pulls an atomic electron away from the nucleus 
like a loaded slingst k. 
I pulse, The Review also describes in general terms w 


nd then sends it carcenit ing rise to the emission of 


anattosecond lig events such 


Tight pulses can be used to track, ranging from electron rearrangements in chemical 


bonding to conduction dynamics in metallic solids 
ike a more in-depth look at the laser techniques tha 
ie and detect attosecond pulses. Their Review also details the prospects not only of 
ipulating and controlling them, 
In keeping with the uncertainty principle, compressing a lig 
ral b id pus 


Gouliclmakis et al. (p. 769) 


passively probing electron motions, but of actively mi 


also br ilwidth. Thus, attosee extend into the x-ray 


adden its spe 


region of the electromagnetic spectrum. Kapteyn et al. (p. 775) describe efforts to 


hamess this feature of the technology in diffraction and im 
would 


Optical technol 


w experiments, which 


henwise depend on much more claborate x-ray generation apparatus, 


continues to evolve. It scems that just as events at the atomic 


scale are at last observed with precision, they bring into view a new series of blurs, 


previously unappreciated. Then the quest be 


ins for an even faster stopwatch, 
{AN OSBORNE AND JAKE YESTON 
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Attosecond Spectroscopy 


REVIEW 


The Future of Attosecond Spectroscopy 


Philip H. Bucksbaum 


Attoscience is the study of physical processes that occur in less than a fraction of a cycle of visible 
Light, in times less than a quadriltionth of a second. The motion of electrons inside atoms and 
molecules that are undergoing photoionization or chemical change falls within this time scale, a5 
does the plasma motion that causes the reflectivity of metals. The techniques to study motion on 
this scale are based on careful control of strong-feld laser-atom interactions. These techniques and 
new research opportunities in attosecond spectroscopy are reviewed, 


with 1 s equivalent to a heartbeat, more 
Hess; but the physical work! encom- 
pases enormous ranges of time, from the origin 
ofthe universe some 14 billion years ago (~400 
‘quadsilion seconds, oc 4» 10"), 1 times that 
are as short compared to a second as a second is 
short compared to the age ofthe universe. These 
bef instants, «few billionths ofa billionth of a 
second, or 10" s, are called attoseconds (as). 

Auosevond-scale phenomena have been 
studied indivotly for years. For example, the 
neutral pion (Fo) partic, which appears. when 
high-cnemy electrons, protons, oF y-rays collide 
With matter in cosmic rays or in particle accel 
erator experiments, has & measured lifetime of 
$2.01as, plus or minus 24a (). Yet, despite this 
precision, the time interval between the prodc- 
tion and decay of a neutral pion has never been 
observed. The lifetime is inferred trom careful 
measurement of the kinematics of colliding par 
ticks and the decay debris, which in the ease of 
the mo is quite simple: It decays ito two photons 
‘emitted back-to-back with equal energy in the 
rest frame of the particle. These measurements 
show that the rest energy of the ro is indefinite by 
4 few elcetron vols, which yields the lifetime 
through the quantum mechanical uncertainty 
principle. In more compkex systems, such as the 
elcotons in a molecule rwaranging alter the 
scattering of an x-ray. inairet observations can 
not reveal many details of the process. There is 
really no substitute for direct observation. The 
techniques to perform these ultrafast measure- 
ments and the science they enable have come 10 
be known as “atoscience.” 

IF We use the oscillations of light waves as a 
clock, the shortest time that we ean measure 
With a beam of visible Hight depends on how fast 
wwe can tum the Tight on and off, Lasers have 
tbom developed over the past wo decades that 
have special features to produce extremely short 
“optical pulses. These technical innovations, such 
a light valves inside the laser based on the 


T: js measured in humanscale units, 


PULSE, Stanford near Accelerator Cente, Stanford 
Univesity, 2575 Sand Hl Road, Menlo Path, CA 94025, 
USA. Ema: phb@slacstanford ey 
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nonlinear Kerr effect (2), and extemal spectral 
‘broadening based on the intensity dependence 
Of the index of refraction of gases (3, 4), can 
now produce pulses nearly as short as a single 
‘optical eyele (5, 6). These shortest pulses are on 
the scale of the laser wavelength 2, divided by 
the speed of light ¢, about 2 = 10° 5, of 2 fs, 
for a red laser (= 600 nm). A single optical 
ceycle seemed until recently to be a natural lower 
bound on direct measurement of short intervals 
of time. 

Recently, scientists have broken this femto- 
second barrier of the singke optical eycle by 
using a new kind of nonlinear optical phenom 
‘enon that can ereate pulses of light substantially 
briefer than 1 f (7) because the wavelength is a 
factor of 10 or more shorter than a cycle of 
Visible radiation. These “attosecond” pulses of 
‘vacuum ultraviolet (VUV) radiation have hed in 
recent years to laboratory demonstrations of pre- 
viously unobserved dynamics in atomic and mo- 
Iecular processes. The time evolution of colisons 
between electrons in atoms, such as occurs in 
Auger relaxation ar two-ckectron ionization, has 
‘boon reoonded in the laboratory with the new tools, 
‘of attosecond science. These tools may ale help 
to reveal the carfiest steps in chemical reactions, 
for help us to sce in eabiime the procases 
responsible forthe optical propestics of materials 


What Happens in Less Than a Femtosecond? 
Before discussing how subfemtosccond pulses 
are made and used, we should summarize the 
ence motivating research at this time scale. It 
‘tums out that this case is quite strong. 

The atomic unit of time is taamic ~ h2RY, 
where his Planck's constant divided by 2x and 
Ry is the Rydberg constant, the binding energy 
‘of hydrogen, equal to 13.6 eV. The value of 
Taomic #8 ~24 as This time has a dynamical sig- 
nificance in the old Bobr theory of the atom: 
It is the time it takes for a Bohr electron to 
complete | rad of is orbit in the ground state of 
hydrogen. So attescience is fundamentally the 
study of electron motion inside atoms, or on the 
atomic scale. 

In modem quantum theory, the electron in 
the ground state of hydrogen does not orbit the 


proton like a moon around a planet. The wave 
function that describes its position is stationary 
even though the clectron still has momentum 
due to quantum confinement. That is, the uncer- 
tainty principle guarantees that an electron con- 
fined 10 an atomic radius dy has a momentum 
uncertainty on the order of fi/dg, s0 the elec- 
tion's state contains a distribution of momenta 
and positions, but the average values of these 
quantities donot evolve. In-an excited stom, 
however, the elketrons need mot be stationary. 
The average pesitions and momenta of excited 
electrons can evolve on many time scales, from 
atioscconds to microseconds, This motion gives 
rise toa number of phenomena and applications, 
including multiple ionization, atomic clocks, and 
quantum tunneling, These phenomens inside the 
atom have been studied carefully over the past 
century, but the fastest motion hias not been di- 
rwely observed before because seience has not 
hhad the measurement tools to capture such short 
intervals of time until now, 

‘A common example of an attosecond-scale 
atomic process is the phenomenon of Auger re= 
Jaxation, which occurs when multiple-eleetron 
atoms are ionized by photons with energy fir 
above the atomic binding energy. When kilovolt 
Acrays ionize such atoms, the ions almost never 
remain in their ground state, The x-ray is very 
likely to remove a deeply bound electron, leaving 
the ion in an excited state with a vacancy in an 
inner elveron shell, which must relay through 
subsequent motion ofthe electrons. Auger relax- 
ation accomplishes this task by moving two 
electrons from a more weakly bound outer shell, 
One clectron fills the hole the other is ejected, 
0 that the whole process can conserve enenty. 
‘The evolution of the atom from a neutral ground 
state before the x-ray absorption, to a doubly 
hanged ion following the Auger process, is 
hallenge for theory, and until now it has been 
impossible to observe. All we know about it 
comes from examining the debris: the electons 
and ions following the event. The electron encr- 
tzcs tell us that the process is Very fist; thatthe 
two electons ejected fiom the atom can affect 
cach other during the ejection event; and that 
there are sometimes a number of different cloc- 
won states that can participate. What we would 
like to see is the evolution of the process itself 
on its own time scale, 

When atoms are bound into: molecules, we 
‘must consider the interplay between the motion 
ofthe electrons and the nuclei. Ultimately this is 
the basis for all chemistry. The characteristic 
‘vibrational motion of atoms in chemical bonds 
‘occurs on the time scale of tens to hundreds of 
fermoseconds, and the importance off 
second processes in chemistry has been widely 
recognized, including by award of a Nobel Priz 
(8); but there are critical intervals during a 
chemical reaction when the outcome is deter- 
mined by dynamics that are still ister, on the 
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time scale of a few femtossconds or less. These 


are moments when the atoms involved in the 


reaction are in tra conti 


and the electrons 1a rs 
nuclear motion into the final state 

ne th 
driven dynamics between the atoms as motion 


1 is convenient to im electron 


of the atoms on potential energy surfaces, like 


marbles rolling around on a curved landscape of 


any dimensions, guided by gradient forces and 


their own inertia. This picture comes naturally 
out of the Bom-Oppenheimer approximation, 


Which states that the electron motion and nuckear 


motion occur on such different time scales th 
they may be considered separately in secking 
solutions to the quantum mechanical equations 
of motion for the mokweular system. In this picture, 
the transition states occur at high points in the 


potential energy landscape, or at intersections 


between two different potential ener 
known as 


‘conical intersections” (F 


field on the surface of the minor drives electrical 
‘currents that produce the reflected light beam. 
There are severa time scales that 


‘control the physics of optical reflection, and they 


taneous to a visral observer. A central concept is 
the plasma frequency «y2x. The inverse of this 
frequency is just the 

fon density perturbation i 


due to the restorn 


atural period of oscillation 


the solid, 


force created by the charge 


‘metal ike aluminum, that 


imbalance. In a typi 
period is about 200 as. The value of «is related 
a density N’ and its eflective mass 
id 


wn in the se 


If the incident 


frequency is lower than 
9 respond 
ge of the light fickls in time to produce 


‘oy then the electrons in the plasma ¢ 


Fig. 1. Conica intersections describe the connection between two electronic states, represented by the 
two cojoined coins and nuclear mation, represented by a dotted arrow trajectory along lines on the 
cone surface, during nonradiative molecular transitions in the Born-Oppenheimer approximation. This 
standard and powerful picture is no longer valid when the viewing time is o short thatthe Heisenberg 
uncertainty in the electron eneray is larger than the difference between two potential energy surfaces 
Attosecond science requires a reconsideration of these ideas 


al intersections are points where the Born 
Oppenheimer approximation breaks down 

the many-body quantum dynamics is no ton 
simple. Naturally, these 
interest in physical chemistry, and these are arcas 


that might be addressed by attosceonx-scale probes 
of the molecules. 

Solids 
\which are typic 
sites: and form continuous bands of ener 


re also held together by electrons, 


ly delocalized over 


many atomic 


cs Sep. 


raps, rather than sharp enen 


arated by energy 


levels in single atoms. To get an idea about the 
ultrafast time 


physics of optical reflection from a metal mirror. 


scales in solids, consider the 
A metal mirror can be treated as a dense plasma 
a background of 
A light 


of five electrons, 
atomic ions to neutralize the ov 


charge 
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J radiation; but ifthe light frequency 


er than the plasma frequency, th 


1d in the material. This condition is called 


because light waves at 


fieque 

the met 
A sill faster time scale is connected to the 

nductivity o of the metal 

J (charge per time 

an applied field E: (units 
‘Obm’s Law 


electrical co The con- 


ductivity relates the cu 


Per area) produced 


of charge per area) throw 


J = of 
The quantity Lis = p, 


ssistivity, evident 


ly has units of time. The common unit for p, the 


2.~ em, is approximately equal to 1 ps (10° 28). 
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The resistivity of aluminum, a common mirror 
material, is about 2.7 x0 
The physical importance of this extremely short 
time is the establishment of the conditions for 
‘Ohm's law like behavior in the metal, When a 

electron first feels an electric field, it does not 


instantly move with a velocity proportional to 
the force. Instead, it accelerates in the field and 
only reaches its terminal velocity by a balance 
beween the driving fore, which speeds it up, 


an plasma scattering forces, which slow it down. 


The resistivity sets the time scale for that balance. 


How Do We Make Attosecond Pulses? 
The technology for producing and for mx 
pulses with a 

1000 as-is 
on the interaction of strong. visible or 


attosecond pulses of light 
duration between | as and 1 fs 
hase 


infrared (i.e 


Jong-wavelength) laser pulses with 


The use of infrared lasers to produce 
attosecond pulses may seem counterintuitive, 
because an optical period of 1 fS corresponds 10 
Tight with a wavelength of 300 nm, in the near 


ultraviokst range 


ind a period! of 1 as implies a 
wavelength of 0.3 nm, which is considered an 
x-ray. The connection is made because of the 
strength of the laser field 

Focused pulsed lasers can concentrate all 


of their power into an area only a few laser 


wavelengths across, or a few micrometers for 


red or infrared laser, This concentration incre 
the ekettic fick! in the laser inversely 10 the 


diameter of the focus, Typical fields available 


‘even a modest modem atomic physies lab are 


100-5 pulses. with 


100 ju) of enemy and 


wavelength 800 nm, focused to 30 pm. In this 
cease, the peak field is 3 V/A. The typical bind: 
ing enengy p of an electron in an atom is only 


on the onder of 10.0V 


and the size of the atom is, 
that a 3 V/A field ean 


itis cles 


distor the electron trajectories, A. simple cake 
lation hased on these ideas, which is Well ver 
ified in experiments (9), shows that the electron 

vit becomes unstable, and the electron is pulled 
vt ofthe atom altogether, when the applied laser 
fickd reaches a smull fraction of the average mag. 
nite ofthe Coulomb fick felt by the bound elee 
tron, We can also put this critical field amplitude 


Ec in terms of 


5(Axe0)°? 


Fou 7 
4e 


atoms fick/-onize in the presence of high 
powered focused lasers. Furthermore, because 
the laser oscillation period is 2 f& or more, which 


compared to the electron orbital 
period of a few tens of attoscconds, we can 
he influence of the 
jon in much less than a laser field eycle 

After ionization, the electron still feels the 
laser field. It accelerates away from the ator 
but soon (after about a quarter of a laser cycle) 


picture the electron 


7 
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jell reverses, and the electron stants to de- 
top, and n the other direc- 
tion, The trajectory of the electron is therefore a 
\wigaly drifting motion, and most ofthe phenome- 
na that have been observed in strong-field atomic 
ionization can be traced back to the properties of 
the drifling electron (/0), The wigele itself ean 
be quite energetic on an atomic scale. The 
wigale energy, called the ponderomotive 
energy (Up), can be many times greater than the 
binding energy of the atom. 
The ponderomo 
an oscillating field is g 


for an electron in 
n by the following 


222 
Ge 
neo mer ~ (Ane9) 16m? me 

Up has a value of ~3 eV in the ease of the 


modest focused laser field-ionization exp 
The trajectory of the 


ment considered above, 
electron depends. sensitively on the precise 
instant of ionization over the laser eyele. If the 
atom ionizes just whi 
is reaching its peak, the ekxetron will fist move 
away, and then return back to its starting point a 
the atom just as it comes to rest atthe end 0 
one full eyele of oscillating fold. Ifthe eketron 
dleparts a bit early, before the peak fied, then the 
period of acceleration is slighily longer, and the 
clectron cannot retum to its starting point: it 
drifts slowly away. 

The most intrest 
depart a bit ali the fi 
travel as fr fiom th 
they alll have quite a bit of ponderomotive en 
cen. These electrons can return to their original 
state in the atom, and when they recombine with 
the fon they give up thei ki 
form of a high-energy photon 

This phenomenon is known as 
monies generation” (HIG), be 

a spectra can consist of a series of nearly 
equally intense discrete frequencies at the po- 
sition ofthe odd harmonies of the laser (71, 12) 
We now understand that separation of the 
‘emission spectrum into a series of high hamion: 
ies is due to interference among many re 
combination photons emited by many different 
eycles of the laser 
pulse. On the single-eyel the spoe- 

ious and follows the spre 


the electric field eyele 


case is for electrons tha 
J peak. They do not 
and when they retum, 


ctic enemy in the 


har 
ise the emis 


3.17Up © My (10), 

This electron recombination process, known 
as the “rescattering picture,” does not by itself 
appear to lead to the prediction of attosecond 
pulses. The HHG spectrum is composed of ra- 
diation produced by recombination over a range 
of electron enemies, distributed over the entire 
3-f8 duration of the optical cycle of the drive 
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Fig. 2. (Left Wave function simulating the most 
‘weakly bound electron in carbon dioxide, consisting 
‘of two py orbitals separated by 2.32 A. Red and 
blue parts of the wave function are x radians apart 
in quantum phase. (Righ Coherent scattering of 
4 25-eV electron from the carbon dioxide orbital 
‘out of which it was recently ejected by a strong 
laser field The returning electron is incident from 
the right, and several views ae shown over a 120-35 
time interval. The relative time (in attoseconds) is 
shown in the tp right ofthe frames. Motion of the 
wave function is due to interference with the in 
coming electron, 


laser, and repeated over many cycles. For exam 
ple, according to both the quantum and semi: 
classical formulations of the rescattering process, 
different parts of the HIG spectra 
by recombination of the itinerant electron at dif 
ferent times during an optical cycle, so the ent 
spectrum appears to have a frequency sweep, or 
‘chip” (13) Actually, there are two different 
chimps: Electrons that ionize near the peak of the 
cycle execute relatively long trajectories, and 
the ation radiation appears chisped 
from high to low frequency. Electrons that io- 
nize after 17° of phase past the peak of the field 
‘execute short trajectories, and the radiation is 
chimed from low to high frequency. To make 
the shortest attosecond pulse, all of the ffequen- 
ist be in phase, ic, they must all appear 
atthe same time, 

This frequency chirp can be removed after 
the light Ieaves the atom, by a variety of clever 
techniques. When VUV radiation from HAG 
passes through a very thin film of aluminum 
few thousand angstroms thick, for example, the 


are caused 
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lower fiequencies have a lower velocity, which is 
a dincct consequence of the ubaviolet transparency 
described above. This removes the chirp fom 
the radiation for short trajectories, which can lead 
to short, nearly perfext attosecond pulses (14). 
To date (mid-2007), the only sources of 
attosecond coherent radiation use the technique 
eseribed above. However, there are more ideas 
about how to do this in the future 
ample, as mentioned above, laser light 
ava metal mirror has a characteristic 
delay of a few attosecond because of the non- 
zero resistivity of the metal, But consider what 
happens if the laser intensity is increased to 
more than 1 < 10 Wiem?, Such focused in- 
tensities have been achieved in the 
The optical electric fields in this case are 
hundreds of times higher 4 
binding fiek!, and they accelerate the electtons 
in the metal 10 nearly the speed of light in a 
fi 
temificaly hot plan 
from the surface of the metal, The plasm 
moving mirror, and the light boune 
experiences a severe Doppler shift a 
Jength contraction, Simulations show e 
sion factors and frequ 
more, s0 that ultrafast visible pulses could reflect 
fiom the mimor as VUV attosceand pulses (/5), 
The most powerful sources of X-rays will 
be the new x-ray free-eketron lasers (XFELS), 
under construction inthe United States, iermany 
and Japan, XFELs can 
attosecond pulses, but the technology to do this 
has not yet been demonstrated (16). 


the atomic 


tion of an optical eyele. The electrons form 
that starts to expand away 
isa 


principle produce 


Viewing and Using Attosecond Pulses: Creat- 
ing Attoscience 

Antosecond pulses are 40 recent and unusual that 
now techniques are required to make full use of 
their resolving power. For example, the HUG 
spectrum itself, the source of attosecond radiation, 
isalsoa sensitive detector of attosecond processes 
in the atomic or molecular nonlinear medium 
(17), Recent experiments that delve ino ths issue 
using HIG in molecules have found that the 
harmonic spectrum is rich in features that relate 
directly back to the attosecond physics of the 
electron evolution 
have been recent suggestions tha 
permits tomographic reconstruction of the 
electron orbitals inside the molecule. 
‘concept can be developed, itm 
the future to watch the electron: 
they form and break bonds during isomerization 
ionization, or other chemical processes. 

This ability to detect the shape of a quantum 
«xbital in HIG depends on the electron’s quantum, 
coherence, The electron that is pulled away from 
the atom or molecule and then recollides a 
femtosecond Ia velike features, These 
are not waves of charge, but rather oscillations 
n quantum phase, a nonclassical quality of electrons 


n the molecule (78, 19). There 
s information 

tive 
It this 


be possibl 
molecule 


r has 
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that is responsible for such quantum-mechanical 
phenomena as cletron diffaction through crystals 
Likewise, the bound electron state possesses 3 
‘quantum phase, which can change sign from 
place to place in the molecule, The quantum 
phases of the returning electron wave interfere 
\with the different parts of the molecular bound 
state wave function, creating attosecond modu- 
lation of the electronic structure that is recorded 
in the shape of the HIG spectrum (Fig. 2). 
The ph 
discussion, and this coherent scattering. picture 
has many” subtleties that are still unresolved 
Nonetheless, the effect of molecular shape on 
the HIG spectrum is genuine and dramatic. For 
example, two simple molecules 
similar enough in their gross structure, cach 
‘consisting. of two atoms separated by abo 
angstrom, and a differen ly 
‘out of more than a dozen; but their highest 
‘occupied orbitals, the ones that will fckt-ionize 
in am intense laser field, have very diflerent sym 
metrics. HG spectra reveal this difference, and 
recent experiments have used the spectra to per= 
form tomographic reconstructions of the wave 
function responsible for ionization. 


Conclusion 

Only a few years ago, the direct measurement of 
transient phenomena lasting less than an optical 
seemed a supreme challenge. Now scien- 


tists have brought together techniques from atomic 
and laser physics to make these measurements 
possible, ifnot yet routine. Atoscience isa new 
field, with the promise w reveal some of the 
fastest processes of chemistry and atomic phys- 
ics, orto freeze motion that will allow us to view 
the structure of matter under extreme conditions. 
‘The subject is still dominated by attempts 10 
understand and improve the sources, and to in- 
tempret the data, and there are still fronticrs in 
source development: For example, attosecond 
pulses at subangstrom wavelengths have not been 
demonstrated. There are even more challenges 
in the theory of attosecond molecular dynamics: 
One of the most difficult issues yet t0 be re- 
solved in atloscience és how we shoukt describe 
the structure and motion of electrons and nuckt 
in physical chemistry and molecular physics to 
accommodate processes that are $0 fst that cher- 
ished concepts such as potential eneny surfices 
‘or the Bom Oppenheimer approximation are no 
longer valid. Despite these difficulties, the rapid 
progress in attoscience over the past EW years is 
not abating. and! we may anticipate new physical 
insights in the coming decade. 
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REVIEW 


Attosecond Control and Measurement: 
Lightwave Electronics 


E, Goulielmakis,” V. 5. Yakovlev,? A. L. Cavalieri,” M. Uiberacker,” V. Pervak,? A. Apolonski,? 


R. Kienberger," U. Kleineberg,? F. Krausz™?* 


Electrons emit light, carry electric current, and bind atoms together to form molecules. Insight into 
and control of their atomic-scale motion are the key to understanding the functioning of biological 
systems, developing efficient sources of x-ray light, and speeding up electronics. Capturing and 
Steering this electron motion require attosecond resolution and control, respectively (2 attosecond = 
107 seconds). recent revolution in technology has afforded these capabilities: Controlled light waves 
‘an steer electrons inside and around atoms, marking the birth of lightwave electronics. Isolated 
attosecond pulses, well reproduced and fully characterized, demonstrate the power of the new 
technology. Controlled few-cycle light waves and synchronized attosecond pulses constitute its key tools. 
‘We review the current state of lightwave electronics and highlight some future directions. 


‘uantum mechanics predicts the charac 
teristic time scale for the rapidity 0 
microscopic dynamics as Ar ~ WAI, 
‘where AI’ is the spacing between the 
relevant energy levels of the microscopic 3 
and fis Planck's constant. The milli-clectron 
volt and multielectron volt energy spacing of 
ibrational and electronic energy levels, espec- 
imply that structural dynamics of moke- 


www.sciencemag.org 


ceulks and solids as well as related chemical 
reactions and phase transitions evolve on a femto- 
second time scale, whereas electronic motion on 
the atomic scale is to be clocked in atteseconds, 
Before the invention of the laser, the reso- 
lution of time-resolved spectroscopy was limited 
bby the manescoond duration of pulses of inco- 
herent light. The laser and the successive tech- 
nological developments for the generation and 
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measurement of ultrashort laser pulses. im: 
proved the resolving power of pump-probe 
spectroscopy from several nanoseconds 10 se\- 
«ral ferntoseconds (/). The birth of femtosecond 
technology permitted real-time observation of the 
‘breakage and formation of chemical bonds (2). 

We review the recent developments in the 
‘optical technology that have ed to the breaking 
‘ofthe femtosccond barrier and provided real-time 
aecess fo intrasitomie elvetron dynamics. Con- 
sequences include the observation of electronic 
motion deep inside (Le. in inner shells of ) atoms 
(Gand its contro! in real time (4). We address the 
underlying physical concepts and hightight the 
current status as well as fitune prospects of atto- 
second technology (5). 


Femtosecond Technology: Control and 
‘Measurement with the Amplitude and 
Frequency of Light 

Control and measurement of dynamics are 
imertwined. Time-resolved measurement relies 
on a physical quantity varying in a controlled, 
reproducible fashion on the relevant time scale. 
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Femtosecond technology is the result of control- 
ling the nonlinear polarization of matter with the 
amplitude of light. Controlling the absorption 
andlor reffactive index inthis way has yiekled 
along with group delay dispersion control 
femtosecond pulses from laser oscillators by mans 
‘of passive mod locking (/). Measurement of 
the pulses relies on the same physical effet 
control of the nonlinear polarization of matter 
by a replica of the pulse in the presence of the 
pulse to be characterized (6, 7). 

The controlled, well-charscterizx! evolution 
of the amplitude envelope an! carierfrequency 
swveep (chip) of ultrashort laser pulses permits 
rasurement (2) and control (8) of quantum 
transitions on a fermtosecond time scale, Retiance 
fon these eyele-averaged quantities implies that 
measurement resolution and control spead are 
ultimately limited by the cartier wave eyele, The 
carrier wave eyele perio is about 3 fin the near 

aed, where low dispersion favors the gener 
n of the shortest laser pulses. 


Toward Attosecond Technology: 
X-ray-PumplX-ray-Probe Spectroscopy? 
Femtosecond measurement and control tech~ 
niques utilizing nonlinear material response could, 
in principle, be extended into the attosecond time 
domain by using intense attosecond pulses of ex- 
twwme ultraviokt (XUV) of x-ray light, Unfortu 
nately, in these regions ofthe optical spectrum, the 
probability of two-photon absorption is prohibi- 
tively low, Xeray- pump X-ray-probe spectroscopy 
‘and x-ray quantum control therefore rely on. x-ray 
intensities that can be attained! cnly wit large-scale 
five-cheetron lasers (9). Even though these seurces 
are expected to eventually deliver their radia- 
tion in subfemtosecond pulses (0) and XUV 
sources pumped by large-scale, high energy 
lasers have already pushed the frontiers of 
nonlinear optics to the range of several tens of 
electron Volts (//, 12), proliferation of attosee- 
‘ond technokagy and its widespread applications 
call for another approach —one that relies on fight 
‘sources suitable for small laboratories, 


‘An Alternative Route: Light-Induced 
Electronic Motion Within the Wave 

Cycle of Light 

The electric field of visible, near-infrared or 
wet (henceforth, referred to collectively as 
IR) laser light, £,(0), exerts a force on electrons. 
that varies on a subfemtosecond scale. The use of 
this gradient for initiating and probing the 
subsequent dynamics with attesecond timing 
‘precision and resolution has led to the emenzence 
‘ofan attosecond technology that does not rety on 
the existence of intense x-ray pulses 

fing to theory, strong-field-induced 
ionization of atoms is confined to subiemto- 
second intervals near the peaks of the oscillating 
NIR field (Fig. 1A), setting a subfemtosecond 
electron wave packet Viet) fre; this prediction 
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was revently confined by ral-time observation 
(13). The subfemtosecond ionization process, 
locked 0 the peak of NIR field oscillation with 
comesponding precision, may serve as a sub- 
fenmosecond “starter gun” for a wide range of 
dynamics (including electronic and subsequent 
nuclear motion and related dynamics of molec- 
war structure), 

‘The energetic mdintion concurnt with optical 
field ionization in a linearly polarized laser fick 
(14) provides @ means of triggering motion in a 
more gentle way, without applying an intense 
field. The broadband XUV fight building up 
during the propagation of the driving pulse 
through an ensemble of atoms was predicted 10 
‘emerge in a subfemtosecond burst within every 
half optical cycle that is sufficiently intense for 
ionization (5). In this Review, we focus on these 
[Photonic tools of attosecond technology, noting 
that the recolliding electron wave packet itself 
«can also be used to explore dynamics (6-18). 

‘The electronic (and concurrent) phenomena 
following the atosecond tigger can be tracked 
With comparable resolution with the use of the 
‘generating NIR fiek, the oscillations of which are 
synchronized with the trigger event (tunnel 
ionization, revollision, or XUV burst from recol- 
lision), Let us consider an electron ejected during 
the unfolding evolution of the system under 
senutiny, In the presence of a linearly polarized 
NIR field, outgoing electrons collected along 
the direction of the laser electric field Ex(1) 
(Fig. 1B) suffer a momentum change \p(¢) 
FE L()di’ = edt (1). Mere, ¢ is the change of 
the electron, isthe instant ofits emission, and ay 
(0 is the vector potential ofthe laser field. This 
change varies monotonically within a half wave 
cycle of the laser fickl, mapping the temporal 
evolution of the emitted subfemtosccond electron 
wave packet to a corresponding final momen- 
tum and energy distribution of the emitted elec 
trons. We recognize here a new embodiment of 
the basic concept of streak imaging. with the 
streaking controlled by the NIR field in this ease. 
The eketrons can gain or lose an enemy of 
several electron volts depending on whether they 
have been emitted some hundred attoscconds 
sooner or later than the peak of the field cycle 
(Fig. 1B), endowing this light-field-driven streak 
‘camera with attosecond resolution (19, 20). 

The physical concepts and mechanisms out- 
lined above have opened a realistic prospect of 
measuring and controlling electron dynamics on 
aan attosecond time scale. However, full exploi- 
{ation of the potential offered by this conceptual 
framework requires precise control over the ap- 
Dilod laser field, 


Steering Electrons with the Electric 
Field of Controlled Light Waves 

In a laser pulse comprising many field cycles, the 
subfemtosecond electon and photon bursts bom 
in the ionizing field emense every half cy 


sulting in a tain of subfemtosccond bursts (2/). 
Its spectrum consists of equidistant fines that 
represent high-order odd harmonics of the 
driving field (22), The subfemtosecond pulse 
train and its multicycle driver constitute power- 
fal tools for controlling and tracking electron 
dynamics that temninate within the NIR field 
oscillation cycle (23-25), The characterist 
oof the individual bursts in the train ean be dif= 
ficult to control and measure, Extension of atto- 
second conto and metrology 10 a wide range of 
«electronic phenomena (including all those extend- 
ing in time over mone than hall an optical eyele) 
calls for the isolation of one to several attosecond 
‘pulses and precise control oftheir properties (26). 

Isolation was predicted to be achievable by’ 
‘manipulating the polarization state (polarization 
_zating) of the driving field (27) or shortening its 
duration 10 nearly a single eycle of the camier 
‘wave (28) In fact, intense few-ceyele laser pulses 
lasting several fertoseconds (/) led to the first 
‘observation of light lasting for les than 13 (29) 
Full contro ofthe number and properties of bursts 
isolated, however, requites precise contol of the 
driving electric-fikd waveform E,(0. 

Intense few-eyele laser pulses with contol 
‘waveform (4) along with care bandpass filter= 
ing of the highestenegy (cutofl) hhumonics 
have indood permitted the reproducible generation 
of single and twin subfemtosecond pulses with 
cosine and the sine-shaped eletric fick! wave- 
forms, respectively, as well as their reiable mea- 
surement by means of atosooond streaking (30, 37) 
(fig. S1), Thescries of streaked electron spectra 
shown in Fig. 1C yields complete information 
about the driving laser field and allows deter- 
‘mination of the temporal shape, duration, and a 
possible chirp of the emitted subfemtosecond 
XUV pulse (Fig. 1D) as well as the degree of 
its synchronism with its driver (37-33), These 
experiments reveal that few-eyele Tight with 
controlled waveform permits reproducible gen- 
eration and complete characterization of sub- 
femtosecond light. Owing to the attosecond 
synchronism between them, these tools allow 
aatosccond metiology without the need for high- 
intensity x- 


Lightwave Electronics: Versatile 
Technology for Control and Chronoscopy 

‘on the Electronic Time Scale 

Controlled light fields permit control of micto- 
scopic electric currents atthe atomic seale just as 
synthesized microwave fields permit control of 
courrents atthe mesoscopic scale in semiconductor 
chips. By analogy to microwave electronies, we 
Propose to name this new technology lightwave 
electronics. In marked contrast with previous 
quantum control through controlling transitions 
between quantum states with the amplitude and 
frequency of light (8), lightwave electronics gives 
‘way to controlling dynamics directly by the force 
that the electric field of intense light exerts on 


www.sciencemag.org 


‘electrons, This new approach is powerful in that 
{itprovides a direct way of allecting the position 
and momentum of electrons and (i) control is 
matched in speed to the electronic tim 

‘The first notable manifestations of the 
power of lightwave clxtronics include controlling 
subferntosecond XUV emission (4, 25, 31-35): 
molecular dissociation (36), measuring subfemio- 
second! XUV and election pubes (2/, 37-33, 35% 
and imaging dynamic changes in molecular 
structure (16-18) by means of steering electron 
wave packets with light filds, Sub-wave eyele 
{ie subfermosecond) contro of election wave 
packet motion ean be accomplished by mixing 
Imulticyele fields (25, 35). However, full contrat 
‘over the entire system evolution from attosecond 
to femtosecond time seaes-and, consequently, 


‘optical waveforms that can be accurately con- 
‘rolled in shape and polarization state (4, 37) 
and confined 10 several cycles. Exploitation of 
the full potential of lightwave electronics for 
attosecond control and metrology requires 
waveform-controlled broadband light. 

The attosecond streaking spectrogram shown 
in Fig. 1C yiek’s the complete history of photo- 
electron emission induced by a subfemtosecond 
XUV pulse as well as ofthe streaking optical fick 
(38), Similar spectrograms can also be revondad 
With secondary (Auger) electrons, which uncover 
the history of a quantum transition of an electron 
deep inside an atom in real time (3), Attosacond 
streaking is not the only way of observing the 
tomporal evolution of atomic-scale electron mo- 
tion, Energetic excitation of atoms, molecules, or 
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valence electrons to excited states (refered 10 as a 
shake up). The transient population of these states 
provides information about the instantaneous 
(electronic) state of the 


few-cyele laser field (13 
In attosecond staking and tunnel 
troscopy, the subémosccond XUV pulse serves 
as pump and the controlled optical wave as the 
probe, Their roles can be interchanged: The op- 
tical fick! may—by means of tunnel ionization 
(23) initiate an electronic process and control 
the unfolding dynamics (36), and the subemto- 
second XUV pulse may probe this process by, for 
«example, photoclectron spectroscopy (39) 
asceond technology based on a controlled 


precision attosecond measurements—relies on 


amin RAD 


Electron kinetic 
‘energy [eV] 
Fy 


Py ° 7 Darran 


Fig. 1. The birth and measurement of a subfemtosecond (XUV) light 
pulse, (A) The field of a femtosecond NIR laser pulse, Et), is able to 
suppress the Coulomb potential in atoms sufficiently to allow a valence 
electron to tunnel through the narrow barrier and release a subfemto- 
second wave packet, Vire(tl, near the peaks of its most intense os- 
cillations. The wave packet is subsequently removed from the vicinity of 
the atomic core and less than a period Later pushed back by the reversed 
field (green trajectory). Upon recollision, it interferes with the bound- 
state portion of the electron wave function. This interference results in 
high-frequency oscilations, emitting broadband XUV light. The highest- 
frequency portion, with intensity (0), is temporally confined to a small 
fraction of the optical period. (B) Concept of optical-field-driven streak 
imaging of electron emission from atoms. Electrons released by an XUV 
pulse parallel to the direction of electric field (red line) suffer a change in 
their initial momenta that is proportional to the vector potential of the 
field (black line) at the instant of release, mapping the intensity profile of 
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solids is often accompanied by the promotion of opt 
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i wave and a synchronized subfemtosevond 


xuv 

Intensity (arb. 
i005 tang 
the emitted electron and hence of the ionizing subfemtosecond XUV 
pulse into a corresponding final momentum and energy distribution of 
electrons. (C) Streaked spectra of photoelectrons released from neon 
atoms by a single subfemtosecond XUV pulse (Roxx = 95 eV) recorded for 
a series of delays between the XUV pulse and NIR field (streaking 
spectrogram), The laser field causes only a moderate broadening 
(streaking) of the electron spectra; its main effect is the shift of the 
center of mass of the electron spectrum. In the limit of large initial 
kinetic energy of the electrons, this shift is linearly proportional to the 
‘vector potential of the field at the instant of impact of the XUV pulse (see 
white fine). (D) Electric field of the NIR wave and intensity of the XUV 
pulse as retrieved from the streaking spectrogram shown in (C). The 
‘measurement confirms that the few-cycle waveform must be near cosine- 
shaped to warrant the production of a single subfemtosecond pulse and 
reveals 2 near-Fourier-limited XUV pulse of a duration of 250 atto- 
seconds. arb. u,, arbitrary units. 
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ppube is both versatile and sulliciently compact 
and affordable to allow proliferation in small 
laboratories. The core inffastructure required is 
sketched in Fig. 2. The scope of the technology 
largely depends on the characteristics and Mlexi- 
bility of its key tools: synthesized fickds of laser 
light and attosecond pulses synchronized to them, 


From Controlled Light Waveforms Toward Optical 
Waveform Synthesis 

Lightwave electronics benefits from ever-broaker 
‘optical bandwidhh in several ways, Superposition 
‘of spectral components beyond an octave per 
mits subeycle shaping of the light waveform 
and hence sculpting of the electric forve on the 
electronic time scale for steering clectrons in 
‘atomic systems, The inereased bandwidth and 
improved dispersion control also lead to shorter 
‘optical pulses, which allow advancing. subbfem- 
toyecond XUV pulse generation 
in tems of all relevant parame 
ters: duration, intensity, and pho 
ton energy. 

Intense few-eyele optical 
pubes (~$ 18) were first generated 
(40) by spectral broadening of 
fermtosceonel pulses (initially 
f8) in a hollow-core waveguide, 
and the resultant supercontinum 
was compressed by reflection off 
‘of chitped! multilayer dielectric 
iirrors (7) (Fig, 3), Combined 
with waveform control (4), the 
technology matured to become & 
workhorse for attosecond science: 
Its cument state is represented by 
the results summariaed in Fig. 3, B 
andl The spectrum of near 20-4, 
NWenm pues is first broadened 
by selEphase medulation in a gas 
fille! capillary 1 a supercontin- 
tuum reaching fom 400 to 1000 
nim, followed by compression of 
the ~400-0) pulses to 3.5 fs 
\with octavesspanning chirped mir- 
rors (12). These pulses constitute 
the shortest controlled optical 
av eforms demonstrated 10 date. 

Figure 3D shows how a 
single subfemtosecond XUV 
pulse ean emerge from an atom 
ionized by a linearly polarized 
few-eyele light field. The wren 
lines depict the kinetic energy. 
Win. with which different por- 
tions of the freed electron wave packet (Mee it 
Fig. 1B) return to the core asa funtion of retum 
time, determining the energy of the emitted 
harmonic photon, fio = Wig + Wy. where Hy is 
the binding enenty of the electron. For the 
‘optimum (near-cosine) waveform (Fig. 3D), w 
can estimate—in the limit of fren >> 
bandwidth over which photons of the highest 
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energy (near the cutoff of the emitted spectrum 
depicted in violet) are emitted from one recol- 
lision only as 


Where Tax and Trwaeyt stand for the oscillation 
petiod (ose)of the carrier wave and the full width 
at half maximum (FWHM) duration of the 
laser pulse ionizing the atoms, respectively 
(43), Equation | underscores the importance of 
minimizing the number of cycles within the 
driver pulse. The intense subr-L.5 cycle (Trwunt 
<1.$Tqg) laser pulses that can now be produced 
\ith commercially available ingredients of utra- 
fast laser technology (Fig. 3. A to C) constitute a 
Promising tool for pushing the frontiers of 
attosecond-pubse technology 


Advancing femtosecond technology 10 its 
ultimate limit is the key to extending the frontiers 
‘of both measuring and controlling dynamics with 
attosecond precision. Metrology benefits from 
‘broader spectral coverage and shorter duration of 
subfemtosccond pubes, The scope of control criti 
cally depends on the variety of waveforms, which 
is determined by the available bandwidth of intense 


‘coherent ragistion. The shortest intense laser pulses 
also provide ideal conditions for generating the 
broadest supercontinua of coherent light, extending 
over more then three octaves (44), Advanced 
chimped mulilayer mimor technology holds prom- 
ise for versatile and scalable (nulichannel) im- 
plementation of optical waveform synthesis. A 
Protetypical three-channel synthesizer operational 
‘over the 1-10 3-eV band indicates the vast variety 
of possibilities for steering electrons in aon 
systems with synthesized optical waves (lig, S2). 


From Subfemtosecond Toward 

Attosecond Pulses 

Equation 1 suggests that femtosecond technol 
‘must approach the monocycke limit to push the 
fionticrs of XUV pulse generation toward and 
telow 100 as, However, there are other options. 
Modulation of the polarization state of the ini 


spectroscopy: the AS-1 attosecond beamline at MPO. The intense, waveform-controlled few-cycle NIR laser pulse 
generates a subfemtosecond XUV pulse in the fist interaction medium (jt of noble gas). The collinear XUV and NIR. 
beams then propagate into a second vacuum chamber, where they are focused by a two-component XUV multilayer 
‘mirror into a gas target. The inner and outer part of the two-component mirror reflects and focuses the XUV and the 
(mote divergent) NIR beam, respectively. By positioning the internal mirror with a nanometer-precision piezotranslator, 
the XUV pulse can be delayed with respect to the NIR pulse with attosecond accuracy. Analysis of the generated 
electrons andor ions as a function of delay between the subfemtosecond XUV and the waveform-controlled NIR pulse 
permits characterization of the attosecond tools (Fig, 1) as well as real-time observation of atomic-cale electron 
dynamics in all forms of matter by means of attosecond streaking spectroscopy (3) and attosecond tunneling 
spectroscopy (23) with the same apparatus. In the former case, the final energy distribution of the outgoing electron is. 
analyzed with a time-of-flight spectrometer; in the latter case, the observables measured as a function of delay are 
‘multiple-charged ions. ACF, auto-correlation function; CCD, charged-coupled device. 


ing NIR pulse 45) or ofits amplitude by 
coherent addition of second harmonic radiation 
(46, 47) can efficiently increase AW ingle -putse 
even by using severabeyele NIR driver pulses, 
Implementation of polarization gating with 
waveform-controlled, approximately two-cycle 
NIR pulses (37) has recently led to a spectacular 
achievement: the generation of isolated XUV 


www.sciencemag.org 


Pubes at Aerie = 36 eV with a bandwidth of 
AlWeingegute = 15 eV. Along with dispersion 
‘control and trajectory selection (48), these isolated 
pulses resulted in near-single-cyele XUV pues 
that had a duration of 130 as (33) (see the low= 
‘energy streaking spectrogram in Fi. 4). 

The increased AW igiopase With several-cyele 
pulses comes, however, atthe expense of eflicien- 
ey because (i) only a smal temporal fraction ofthe 
driver pulse participates in the generation process 


and (ii) the cycles preceding the generation mo- 
ment pre-ionize the atoms, causing substantial 
depletion ofthe ground state before the XUV pulse 


‘can be emitted. The unprecedented confinement of 


electromagnetic energy into a single well- 
controlled oscillation of light in sub-1 S-cycle 
NIR pulses (Fig. 3) avoids these shortcomings and 
offers several more benefits. Indeed, the high 
‘contrast between the wave cress at = Toe? and 
catlicr ones in Fig. 3D permity—thanks to the 
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exponential scaling of ionization probability with 
the fick! stength—adjustment of the pulse inten- 
sity $0 as to allow the electon to survive with a 
high probability in its ground state until = Tou 
(in Fig. 3D) and then to be set five with a high 
‘Probability near this instant through tunneling, The 
resuliing wave packet, Use (Fig. 1A), is hunched 
‘with unprecedented amplitude. Upon its rtum to 
the cone at about / = Tout it interferes with the 
sound state portion of the wave function causing 


Fig. 3. Toward intense, monocycle optical pulses. 
(A) Hollow-fiber/chirped-mirror optical pulse com- 
pressor for the generation of intense, few-cycle 
{aser pulses. (B) The spectrum of milljoule-energy, 
nnear-2045, phase-controlled near-infrared laser 
pulses delivered at a repetition rate of 3 kHz from 
3 Tisapphire laser (Femtopower, Femtolasers 
GmbH) is first broadened to more than an oc 
tave (-850 to 950 nm) in a neon-filled capillary 
(pressure ~ 2 bar, length ~ 1m, bore diameter 
250 jim), (C) The spectrally broadened pulses are 
compressed by octave-spanning chirped multilayer 
mirrors. The interferometric autocorrelation trace 
indicates a near-bandwidth-imited ~3.5-45 pulse 
carried at iy = 720 nim. (D) Energies of XUV 
Photons emitted from an atom exposed to a 
linearly polarized 3.5-5, 720-nm Gaussian laser 
pulse that is sufficiently intense for efficient tunnel 
‘onization. The photon energies (green tines) are 
epicted as a function of the return time of the 
electron to the atomic core and have been 
obtained by analyzing classical election trajecto- 
ties (43). The width of the energy band within 
which only one recolision contributes to XUV 
emission determines the bandwidth Wig gte 
avaiable for the generation ofan tolated attosecond 
pulse, Based on the classical trajectory analysis, 
‘AWaigle-pite is found to be maximum for a near— 
cosine-shaped waveform, E(t) = Eoeithcostent + 
), with the carrier-envelope phase @ varying 
between w12 and w/6 depending on the pulse 
shape and intensity. Here, £y and « stand for the 
amplitude and angular frequency of the oscil: 
lations of the laser electric field, with r( being 
the amplitude envelope function. The table sum- 
‘marizes bandwidths over which the sub-1.5-cycle 
pulses are predicted to support the emergence of 
an isolated attosecond pulse at different XUV 
photon energies. The estimated pulse durations 
derive from the conservative assumption that no 
spectral components are available for the pulse 
sythesis outside the given spectral window. 
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equency (Soft-r-ray) dipole oscillations with 
unprecedented amplitude. Hence, the intense near 
singl-eycle waveforms appear to constitute idcal 
tools for the pursuit of powerful soft-x-ray pubes 
\with pulse durations approaching the atomic unit 
‘of time (ee table in Fig. 3D) and photon enengies 
approaching the kilo-electron yolk front 
‘A first indication of the potential that near 
le-eyele NIR pulses offer forattosecond-pulse 
xeneration is provided by the high-energy strcak- 
ing spectrogram in Fig. 44. It has been recorded 
With sub-two-cycle (near-448) NIR (7S0-nm) 
pulses and XUV pulses filtered by a molybden- 
silicon chirped multilayer mimor with a high- 
reflectivity band of ~16 eV (FWHM) centered at 
98 4B). The bandwidth (FWHM) of the 
bandpass filtered XUV fight amounts to ~13 eV. 
The streaking spectrogram indicates isolate sub 


Fig. 4. Current frontiers of attosecond technology. 
(A) Attosecond streaking. spectrograms. recorded 
with Fer-cycle NIR pulses (xy = 750 nm). The low 
‘energy spectrogram (bottom) shows the cartier 
photon energy of an XUV pulse, Prox = 36 eV, with 
argon target atoms (courtesy of M. Nisol). The 
high-energy spectrogram (top) shows Phy = 93 eV, 
ith neon target atoms (49). (B) Computed 
reflectivity and group delay of the chirped Moi 
multilayer mirror used for fering and focusing the 
isolated sub-170-as, 93-eV pulses. (C) Computed 
reflectivity and group delay of an uitrabroadband 
chirped multilayer Mo/Si mirror designed for com- 
pensating the chirp cartied by an attosecond pulse 
filtered near cutoff from short-trajectory emission 
(group delay dispersion ~ -0.007 fs") and for re 
flecting a band sufficient for sub-100-as pulse 
‘generation (bandwidth > 35 eV). (D) Spectrum of 
high-order harmonics emitted from neon ionized 
by ~4fs-duration NIR (~720-nm) pulses. near 
cutoff as transmitted through a high-pass fiter 
(250-nm palladium), The transmission of the Pd 
foil is shown by the red curve. The spectrum has 
been recorded with the carrier-envelope phase ¢p 
‘of the waveform-controlled NIR pulse set to 
provide the broadest continuum. Variation of 
reshapes the overall distribution of the continuum 
(42) ‘rather than introducing a pronounced 
harmonic-like structure, as observed with several- 
‘cle driver pulses for appropriate phase setting 
(dashed tine). The smooth continuum with a 
bandwidth of >30 eV suggests the feasibility of 
ssub=100-a5 XUV pulse generation without manip- 
ulation of the driving pulse (eg., superimposing 
its second harmonic or gating its polarization). 
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170s pulses that are near bandwith-limited 
(49). The pulses contain more than 10° photons, 
Which are delivered at a repetition rate of 3 kHz, 
implying a photon flux of >3 10” photons per 
second transported in a near-diffaction-imited 
beam. With the Moi mirror, which has a 10-cm 
focal length, used in the MPQ attosecond beam- 
line AS-I (Fig. 2), this beam can be focused 10 a 
spot diameter of several micrometers. 

The recently demonstrated, wayeform- 
‘controled sub-1 S-eyele NIR pulses are capable 
of producing AMaggepuise > 30 eV at fox = 120 


eV (Fig. 4D), offering the potential for generating 
sub-100-as pubes ata wavelength of 10 nm (42), 
To exploit this potential, researchers must develop, 
ultrabroadband soft-x-ray multilayer mirrors with 
precisely controlled groupe 


hitped multilayer mimor design that supports 
ssib-100-as pulses. Chisped: multilayer minor 
technology (both metallic and dielectric) is likely 
ys important a role in advancing attosecond 
technology as it has played in advancing fento- 
second technology to its ultimate limits 


Prospects 
New research tools allow scientists to seek an- 
sswers to questions that, in the absence of a means, 


of addressing themt, have never been posed 
before. Grand questions. serve as a compass 
providing directions for research that promises 
the most extensive rewm. We pose a few 
questions across disparate areas of scien 
rected by the fundamental role that atom 
ectronic motion plays in physical, chemi 
biological processes. 
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Atomic physics and x-ray seience. How is the 
energy of an x-ray photon distributed between 
electrons upon its absomption by an atom? Can 
electronic transitions deep inside atoms be 
affected by controlled ultrastong extemal fields 
rivaling in strength the intemal Coulomb fickis, 

for opening up novel routes to efficient, com 
pact xray lasers? 

Physical chemistry, molecular biology: bin 
informatics, and photovoltaics. Can controlled 
light fiekls offer a fundamentally new way of 
modifying the stricture and/or composition of 
molecules by driving electron wave packets across 
molecules with synthesized optical fields? What 
are the microscopic mechanisms underlying bio- 
Fogical information transport? Can charge-transfer 
in host-guest systems (cz, dye-semiconductor 
assemblies) be exploited for developing solar cells 
\with unprecedented efficiency 

Information wehwology: Can elgetron-based 
information processing and storage be down- 
scaled to atomic dimensions and sped up to the 
‘omic time scale (ie., 1 optical frequencies)? 
‘Can these ultimate limits be reached by exploiting 
electric interactions (electronics) or magnetic 
interactions. (Spintwnies) oF collective electron 
motion (plasmonies)? Which incamation of light- 
wave electronics will be the ultimate electron 
based information technology? 

‘The answers to these questions will rely on 
‘exploring and controlling the microscopic motion 
‘of electrons, on atomic seakes in space ant time. 
Attosecond technology now alles the tooks for 
tackling these and many other exciting questions. 
‘The importance of the answers being sought will 
ive its proliferation 
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REVIEW 


Harnessing Attosecond Science in the 
Quest for Coherent X-rays 


Henry Kapteyn, Oren Cohen, ivan Christo, Margaret Murnane* 


‘Modern laser technology has revolutionized the sensitivity and precision of spectroscopy by 
providing coherent light in a spectrum spanning the infrared, visible, and ultraviolet wavelength 
regimes. However, the generation of shorter-wavelength coherent pulses in the x-ray region 

has proven much more challenging. The recent emergence of high harmonic generation techniques 
‘opens the door to this possiblity. Here we review the new science that is enabled by an ability to 
manipulate and control electrons on attosecond time scales, ranging from new tabletop sources of 
‘coherent x-rays to an ability to follow complex electron dynamics in molecules and materials. We 
also explore the implications of these advances for the future of molecular structural 
characterization schemes that currently rely so heavily on scattering from incoherent x-ray sources. 


(th an- demonstrate the maser in the microwave region of 


ext year, 2008, will mark the 3 
iversary of the revolutiontry paper by the spectrum into the visible spectrum. Soon alter 


chawlow and Townes that proposed the 
laser (/), This paper extended concepts ist used to 
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the laser was demonstrated, scientists discovered 
how to control lnser light to generate extremely 
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short nanosecond, picosecond, and even femto- 
second pulses. Given the origin ofthe laser, it was 
ao natural to attempt to generate coherent fight at 
shorter and shonter wavelengths. However, this 
effort proved very challenging because ofthe pun- 
‘shing power scaling inherent in lasers. Basic phys- 
ses dictates thatthe enengy required implementa 
laser scakss roughly as 1/45; that is, a laser at a 10 
times shorter wavelength (2) requires, ~100,000 
times the input power. Thus, the fist say lasers 
implemented in the 1980s used the buikling-sized 
‘Nova fasion laser at Lawrence Livermore National 
Laboratory as power source to generate soft (rela 
Jong-wavelength) serays. Since that 
scr ser, considerable progress has been made in 
downscaling the laser new as the power source 
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(2). Nevertheless the generation of coherent hart 
rays from X-ray ser remains a daunting prospect. 

Fortunately, in recent years scientists have found 
way to make ripid progress toward generating 
‘coherent light at very short wavelengths by using 
altemative techniques. Large-scale fioe-clectron 


lasers promise 10 produce high-enensy pubes of 


ccoberent xy using for example, the 2-k-lon 
‘electron accelentor at the Stanford Linear Acoeker- 
ator Center. Extreme nonlinear optical techniques 
have succeeded in upconverting visible laser light 
into s-rays, making a tabletop source of coherent 
scrays possible, This ability has given us anew 
‘coherent light source that spans such a ara’ region 
‘ofthe spectrum that we ean now access processes 
that occur on subetosccond or attosecond (1 as 

10 5) time scales, Equally intriguing is the fact 
that we have Ieamd how to use femtosecond laser 
light to coherently’ manipubte electrons in atoms 
and molecules on their fundamental attosecond time 
scakes The richness and complexity of attosecond 
stience and technology are only just beginning to be 
uncovered. As we discuss bere, stosovond science 
ean capture the complex. inisrwoven dance of 
celcctons in molkcules and materials Attossvond 
science also shows great promise for developing 
new ultasensitive molecular imaging and spectrom 
scopic techniques, Finally, attosecond. science 
represents the most promising avenue to achieve 


than that ofthe incident laser. This high harmonic 
generation process is a result of an electron re- 
scattering process (Fig. 1). When an atom or mol- 
cule is exposed to a strong electric field that is 
‘comparable to the field binding the electron to the 
nucleus, the most loosely bound electron can be 
ripped from the atom, The laser intensities 
required—10" to 10'S W em ?—are casi 
accessible with tabletop femtosecond lasers. Ones 
five, the electron will fllow a trajectory controlled 
by the laser field, fist moving away from the 
Parent jon and then reversing its motion as the 
laser fick! oscillates in time 
‘Upon retuming to the vicinity of its parent ion, 
this electron has some probability of recombining 
ih it and giving up its excess kinetic energy as a 
‘photon, with cnerey comesponding to dozens or 
hundreds of visible laser photons. Each time this 
revollision happens, a burst of sttosceonk-duration 
‘X-rays isemitied. This burst zencrally occurs twice 
during cach eycke of the driving laser field, or 
every 13 FS for a driving laser at_ 800mm 
wavelength (because the ionizing laser field peaks 
twice each optical cycle). A classical picture of 
high harmonic generation (Fig. 1. top left) gives a 
mple expression for the maximum energy of the 
photons that can be generated (r¥muqh Which is 
‘simply the enengy thatthe electron possesses when 
it evolides with the ion (Eq. 1) 


Fig. 1. Attosecond coherent electron rescattering from atoms and molecules. Classical (top) and quantum 
(bottom) pictures of high harmonic generation. A strong laser field plucks an electron from an atom (eft) oF 
‘molecule (right). After evolving as a free electron for a fraction of a femtosecond, the electron can recombine 
with the ion, emitting a coherent x-ray. The quantum wave functions of the ionizing electrons (shown in 
‘green) have many modulations that rapidly change in time as the electron is accelerated by the laser field. 


‘what had seemed hopelesly impractical until now 
the generation of bright, coherent, hand x-ray beams 
using a tabletop-seale apparaas. 


The Birth of Attosecond Science 

Atwosecond science bean with the discovery of 
high harmonic generation: an extreme nonlinear 
Process that remains to date perhaps the best 
‘example of complex attosecond dynamics. When 
driven by a strong femtosecond laser, atoms can 
coherent light at frequencies much higher 
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‘where pis the ionization potential ofthe atom, Up 

the ponderomotive potential (or the average 
kinetic enengy of an electron oscillating in 
response to the driving laser field), and fer anid 
2 are the intensity and wavelength of the driving 
laser atthe time ofthe ionization (3, 49. From this 
simple picture, one can see that high amonic 
‘generation comesponds to the coherent version of 


the x-ray tube first demonstrated by Roentgen, 
‘where electrons accelerated by an electric field 
collide with atoms in a target. In high harmon 
ssnertion, the randomly phased electron impact 
that occurs in an x-ray tube is replaced by the 
coherent impact of anelectron driven by a coherent 
laser ficld. Each electron stats in a bound state of 
the atom and is ripped from the atom and ac~ 
celerated by the sime coherent laser field, There- 
fore, under the correct conditions, the re-radiated 
X-ray waves are identical for each atom and add 
together to generate a fully coherent laserlike X-ray 
team (5). Moreover, the linear intensity scaling 
Jaw given by the cutoff relation of Eg. 1 (for high 
collision energies >> /)isremarkably favorable; 
the intensities required to generate hard x-rays 
of 1 t0 10 keV are readily accessible using cur- 
rent tabletop lasers 

Much of the beauty and complexity that have 
sparked Jong-term interest in high harmonic 
generation originate because of its quantum oF 
‘wavelihe prope (3, 6), During its trajectory a a 
five particle, the electron wave evolves with a 
deBroglic wavelength comesponding to. = hip 
(whee pis the electron momentum and At is 
Planck's constant) (Fig, 1, bottom), ‘The total 
quantum phase advance of the election during its 
five trajectory between ionization an! recombinae 
tion is quite large, comesponding to dozens to hum- 
dreds of radians, Moreover, the quantum phase 
accumulated by the electron depends on the exact 
shape of the electromagnetic fel! of the laser 
guides it during the suboptical cyele time ink 
between ionization and rescatcring. This sume 
quantum phase accumulated by the ceetron is then 
‘acquired by the high hamvonic x-ray wave that is 
«emitted when the electron recombines with the ion, 
‘The surprising end result is that the phase of the 
‘eray waves is thus not rigidly related to the phase 
of the driving laser, but rather depends on the ight 
fiekd that guides the electron in is boomerany-like 
Jjoumey first away from, and then back to, the in. 
‘This property is very differnt from those pertaining 
40 anty other type of nonlinear optical process aid 
pens up many exciting possiblities. For example, 
sing the attosecond time interval between. when 
the electron i ejected and when it ecombines with 
the ion, its wave function ean be manipulated in 
sefil ways (7-9). This can be accomplished by 
shaping the driving laser field itself or by imposing 
another external light fick 

‘Several remarkable scientific and technological 
epporturities have emerged as a result of the 
interaction of strong light fields with matter—a 
Property of matter thit i intimately associated with 
atosccond science ann! was discovered only 20 
years ago (10, 11). Most current research in 
attosecond science fils into three broad categories: 
@) understanding how 19 control electron rescalter- 
ing in order to manipulate electrons on attosecond 
time scales in useful ways, (i) eaming how t0 use 
the rescattering electrons as a probe of molecular 
dynamics, and (i) using the atlosecond time 
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Fig. 2. Crystals made from light by manipulating electron rescattering. Shining a light pattern on a gas can 
‘control wherein the gas the coherent xrays are generated (bottom lf). X-rays are generated throughout 
the medium, but emissions from the orange regions cancet out emissions from the blue regions, because 
the driving laser field and x-ray waves slp in phase by x ater traveling through each region (corresponding 
{to one. or a few hundred micrometers at 70-eV photon energies) Ths results ina weak x-ray output from 
the medium. Bottom right) light pattern is used to scramble and disrupt the electron and x-ay phases in 
regions where the forward- and backward-propagating laser beams overlap. In these overlapping regions 
(shown in the inset, and indicated by the horizontal back arrow, the laser intensity is modulated on short 
distances (0.4 jim) that are much shorter than l,. The modulated laser intensity modulates and scrambles 
the electron phase, shown in green in the inset. This eliminates x-ray emission from the orange region, 50 
that emission from the blue regions can now add constructively to generate a bright x-ray output. 


‘tn ocooung inert 


the xray wanes, This effect greatly reduces the 
distance over which the x-ray waves build up 
constructively [called the coherence length (L-)] 0 
millimeters or micrometers for photon enemies 
‘between 150 eVand 1 keV. (Photon enengies below 
130 eV can be generated before the gas is fully 
jonized. Under these conditions, the dispersion 
the neutral gis and the fiee-ctectron plasma can 
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stricture of x-rays. generated by high hamonic 
fon as a probe of complex electron dynam 
ecules and materials. We briefly discuss 
ng scientific apportuities in cach area. 


the 


‘Manipulating Electrons on Attosecond 

Time Scales 

In exciting recent experimental and. theoretical 
developments (9, /2), the concept of manipulating 
‘coherent electrons on attosecond time seas has 
‘been used to overcome one of the major outstanding 
problems in nonlinear optics: the efficient genera 
tion of coherent high-enengy x-rays fom lasers. The 
major challenge in generating a usable fax of 
scrays fiom high-order hamenic sencraion is in 
phase-matching the process, As the driving laser 
beam propagates in the gas, the hnumonic signal 
wave will buikl up constnictively over a long 
distance only if the driving laser wave an! the 
‘generated harmonic wave travel with the same crest 
for phase velocity throughout the medium. In 
‘conventional nontinear optics, this achieved using 
bireffingence; that ia nonlinear crystal structure is 
chosen specifically to equalize the propagation 
phase velocitics of the two disparate colors, This 
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balance, resulting in perfect phase-velocity match- 
ing of the laser and x-ray waves) 

The propagating phass-velocity slip that oocurs 
asthe laser and harmonic x-ray waves travel though 
the grs will aid to any quantum phase accumulated 
by the electron during its trajectory away fiom the 
ion, So an intriguing question arses: Is there a way 
40 compensa forthe propagation phase slip using 
the quintum phase accumubied by the eketron 
during its attoscoond excursion fom the ion? 
Fortunately, the answer is yes, The phase-matching 
challenge for high harmonic generation at high 
energies can be overcome by pateming the laser 
fick! driving the process rather than by structuring 
the madium, ass the ease in visible nonlinear optics. 
This because high harmonic generation isa prety 
ecto process that nevertheless does not respond 
instantly but rather has a subfemtosecon! response 
time (13), The quantum phase resulting fiom the 
scoollision process can be influenced by the driving 
{bserfickd or by any other field that is simultancously 
applic to the atom or mokeule (/4). This prowides 
Way to control eketrons at angstrom spatial di- 
‘mensions and on attosecond time seales (1), 

‘Two appreaches fr using a putiered light fil 
to coneet fr the propagation phiwse-velocity slip 
‘tween the ker and rays have han demonstrated 
experimentally to date, In one approach, the 
Ikser propagas through a periccially modulated 
sziilled waveguide (76), The xray emission is 
tightest whore the waveguide diameter is smallest 
and the laser intensity is highest, By limiting the 
‘ay generation to certain regions inthe waveguide 
‘where the laser intensity ish 
ray waves can stip back 
‘ment in the regions in between, where no X-rays 
sare generated. This. quasi phase-matching (QPM) 
scheme therefore automatically ensures that in-phase 
spatial regions contribute most to the x-ray signal, 
‘while the out-ofsphase regions are suppress 
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Fig. 3. Coherent hard x-rays produced by manipulating electron rescattering. (A) An intense laser pulse (red) 


‘approach of structuring the medium will not work 
for high harmonic generation, where a gas must be 
tied as the medium because itis literally ripped 
apart by the strong ber fick, Moreover, five 
celcttons act like hiahly dispersive prisms, causing 
a severe phase-vebocity slip between the laser and 


www.sciencemag.org 


‘generates harmonic x-rays asi travels through 2 gas. Most of the emitted x-rays interfere with each other from 
the different out-of-phase zones shown in yellow and purple, because the driving laser and generated x-ray 
waves sip in phase by x over each zone. (B) Shining 2 continuous wave laser, whose wavelength matches the 
‘coherent zone widths, can manipulate the phase of the recoliding electron on attosecond time scales, to 
adjust its phase so that x-ray emissions from the entire medium can add constructively. This scheme is ideally 
suited for hard x-rays around 1 keV and higher, where the coherent zone widths ae in the micrometer range. 
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In more recent experiments the quantum phase 
‘ofthe recolliding electron was manipulated using 3 
scone, independent, pattemed light fckd (9), While 
the electron is away from the ion, it isessentialy fee 
of its Coulmb field, Remarkably, very. small 
<chuanges in the ight fiekd can reskin kage changes 
inthe phase ofthe recolliding election, bacause this 
phase is approximately proportional to the applied 
laser imensity. Any changin the kaser intensity will 
therefore change the quantum phase ofthe cecton, 
‘aa this phase sift is then directly mapped into the 
phase of the x-ray emission as a result of quantum 
mechanics, As illustated in Fig, 2, a sequence of 
weak counterprepagating pulses can interfere with 
the driving hace pulse that yencracs the eohcrent 
sriys: In any spatial region where the two pulses 
collie, an interference pater is reat between the 
fonward- and brickward-eoing pulses. This moxki- 
lated laser intensity scrambles the recoliding clec- 
twon phase on very short spatial Kents (400 rim), 
and asa tesul, will alo scramble the x-ray phase, 
cllectively preventing any x-ray wave built, In 
regions where the forward and tick wand-propaat- 
ing pulses do not intersect, the x-mty signal grows 
‘over distances as great a Lge an the s-ray signal 
fiom the diferent regions can ak in-phase unex the 
‘correct conditions. Such fight sequences were useal 
recently to selectively enhance a single hannionic 
‘onder by almost three orders of magnus: (2), 

How far can we go with these atosecond ma 
hiputition techniques? Is it possible 1 generate 
bright, coherent han! xrays using high harmenic 
{generation for applications in erystallography, bi 
‘ology, materials sence, and medical itaing? In 
thew, the answers yes. As shown in Fig 3, instead! 
‘oF wing sequences of pulses to climingte hamenic 
‘emission fiom wide (a faction of millimeter) re 
‘sions of the medium that would etherwise contribute 
‘destructively, the exciting fd of a continues 
wave laser can be used to continually adjust the 
phase ofthe revolting eketon anal x-ys 2). This 
approach sows great promise for generating bright 
‘coherent beams at very high photon enengcs well 
above 1 keV, where the phase-slip distnce is ex- 
tremely short, an the onder of micrometers, and is 
oll matched 1 infwed Wavelengths. Even more 
‘complicate light pattems could be used to manip- 
ulate x-ray wave: fonts; for example, to focus them. 


‘Attosecond Electron Recollisions 
with Molecules 

Another exciting frontier of attosecond science is 10 
exploit attosecond electron recolisons with moke- 
cules. In these experiments, an electron is plucked 
froma molecule and returns tothe same molecule a 
faction of an optical eyele later (Fi. 1) while 
emitting a coberent x-ray. As the electron aocel- 
‘erates inthe laser fe, i gains enerey ranging from 
tens to hundreds of electron volts, corresponding to 
1 characteristic electron deBroglie wavelength of 
~1 A. This electron wavelength is well matched to 
the spacing between atoms ina molecule. What is 
intriguing about this electron recolision is thatthe 
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celectron is coherent with its parent ion and can be 
‘used as an in situ probe of mokeular dynamics 
‘essentially using a molecuk’s own electrons for a 
new type of electron diffraction experiment. X-ray 
hhannonics generated fiom molecules are very 
sensitive to the orientation (/7), structure (18), and 
dynamic motion (/9, 2) of the electrons and atoms 
in a molecule. To date, this technique has been used 
10 map the vaknce electron orbital in a diatomic 
mokcule and to observe simple shape changes and 
Vibrational dynamics in molecules. 

Asamethod for observing molecular dynamics, 
high hamonic generation also conveniently probes 
motions of the mokccuke in ther ground electronic 
state, which is particularly relevant to chemistry. 
Marcover, the time resolution is high enough 10 
decouple the electronic and nuclear motions. In the 
future, high harmonic generation fiom molecules 
‘could become a broadly applicable probe of chem 
ical dynamics, combining ultrahigh time resolution 
with the potential for obuaining structural infor- 
mation, complementary to techniques such as 
emiosccond electron dracon, 


Probing Attosecond Electron Dynamics 

in Atoms, Molecules, and Materials 

The ‘ray high harmonic bursts generated by 
recollding cksctrons represent the fistest strobe 
fight in existence (2/-23), fast enough to capture 
the fleting motion of electrons in atoms, mok- 
‘cus, and solids, No other probe has succeeded in 
this endeavor to date. Moreover, their average 
brightness compares well with bending. magnst 
synchrotron sources and will increase firther as 
more powerful lasers are developed. Single, 
isolated, atloscoond x-ray bursts can be proce 
with a laser pute lasting only afew optical periods 
(5 f5) (22, 23) In this case, the time-varying few= 
‘yee fick! ensures that the highest harmonics are 
emitted only during one hall-cycle ofthe laser field. 
Trains of atosccond bursts of X-rays are generated 
if a longer driving laser pube is wed These 
amosccond burss of x-rays (whether isolated or in a 
train of palses, depending on the experiment) are 
ideal probes of complex corelated electron dyna 
ies in atoms, molecules, and materials. 

To date, attosecond pulses have been used to 
follow some of the fistest electron dynamics, such 
as Auger decay in atoms (24) oF lasersesistad 
pPhotocmission fiom solids (25). In some cases, 
these experiments have confirmed information 
already available from spectral studies. More 50- 
Phistcated curent experiments are just beginning 
{to probe electron dynamics in molecules and solids 
that cannet be examined in other ways. such as the 
dynamics of multielectron processes, highly ex- 
cited and strong field processes, and comelated 
ceketron dynamics at surfices of in nanomaterials. 


Looking Forward 

‘The atoscovnd physics of high-order hamonic 
generation is one of the reat succes stories of 
‘nonlinear optics in the past 20 years. The Fist ex- 


‘periments were litle mone than a physics curiosity, 
\with limited apparent use. Since that tims, many 
exciting applications of attosecond bursts of cok 
cent x-rays have been demonstrated, including high 
resolution coherent xray imaging, femtosecond 
holography for studying nanothermal transport, 
realtime observation of molecular motion on sur= 
faces, ultrascrstive molecular spectroscopic ant 
imaging, and capturing the motion of eects in 
atoms, molecules, and materials (24-29), As we 
Jook forward, attosccond science is poised 10 revo 
Jutionize how we understand and contr election 
dynamics in matter, whereas attosecond technology 
may revolutionize crystallography, x-ray spectre 
py, and biological, materials and medical imaging, 
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Rapid Population Growth of a 
Critically Endangered Carnivore 


M. B. Grenier," D. B. McDonald,” S. W. Buskirk? 


ing and then reintroduced to the wilt 
feommonly fail to produce self-sustaining 
Populations (1). Such costly failures result from 
the persistence of the environmental factors that 
caused the species to become endangered, the 
effects of inbreeding in small populations, ant 
the behavioral and physiological consequences 
‘of @ captive environment, However, the First re- 
introduced population of the most endangered 
mammal species in North. America, the black- 
footed ferret (Mustela nigripe 
the Shirky Basin of Wyoming after a 
Jag that seemed to portend population extinction, 
‘The population recovery is notable because 
the bottleneck of the 1980s reduced genetic 
Variability (2) and captive breeding affected 


R= species taken captive for breed 


life 
of 
population increase, unlike the 35% annual 
increase estimated by our matrix population 
model for the period 2003-2006, Remarkably, 
an even higher annual rate of increase, SO 

(0.97), was estimated fro an exponential fit to 
the minimum number alive for the period 2000 
2006 (Fig. 1), Also, two potentially devastat- 


“] 


—— Predicted abundance 
ME Number released 

[I Minimum number ative 
[= Estimated abundance 


12 infectious discases, plague and canine 
distemper. occurred shortly after the rch 
Notably, the primary prey at this site is the 
white-tailed prairie dog (Cynamys leucurus), 
which is considered suboptimal because it hi- 
‘bemates for extended periods and has low pop- 
ulation densities (5). 

The last known wild population of ferrets, 
covered in 1981 near Mectcetse, Wyomin; 
formed the basis for the captive breeding pro- 
‘gram (5), From seven genctic founders in 1987, 
‘over 4800 juveniles have been produced, and 
many were reintroduced to sites in the ferret’s 
historical range. Shirky Basin recived 228 
captivebom animals during 1991-1994 (Fig. 1) 
There, diseases triggered a decline: fewer than 
ferrets were observed in 1996. By 1997, only 
five ferrets were found, and monitoring efforts 
\were intermittent over the next $ years: popula- 
tion extinction seemed imminent. In 2003, how- 
ever, surveys revealed a surprising increase 10 
52 animals, and monitoring intensified. Three 
seasons of demographic data now permit a mark- 
recapfure estimate of population size [N= 223, 
‘95% confidence interval (Cl) is 192 to 401 with- 
in the 8100+ha study area, which includes only 
about 14% of the contiguous prairie doy habitat. 


J 


SF SFEE 


Survey year 


Fig. 1. Rapid population growth of black-footed ferrets in Shirley Basin, Wyoming, since 2000, Releases of 
‘captive-born animals ended in 1994, and abundance was so low by 1997 that monitoring was intermittent 
during 1998-2002 (no data for 1998-99 or 2002). Since 2003, moreintensive monitoring has revealed a 
rapidly growing population [223 animals in 2006 (95% Cl 192 to 401), which has expanded beyond the 
study area boundaries. The predicted abundance is exponential growth fitted to the minimum number alive 
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1.47). The estimated population growth rate (2), from our matrix population model, is 1.35. 
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The species’ potential for rapid population 
growth scoms to contradict the slow life history 
strategy common to endangered vertebrates: low 
fecundity, high longevity, and high age 
reduction (4). A-matrix population model (6) 
bused on our estimates of vital rates (including 
birthrates, survival rates, and mortality rates) re- 
vealed unexpected attributes (7). sed 
lasticity analysis showed that success in the first 
yar of life is the key to demographic success. 
Elasticities assess the impact on the population 
xowth rate () of proportional changes inthe vital 
rates (6); forthe black-footed feret, more than half 
fof the total elasticity is attributable to survival 
€xy = 0.27) and fertility (yy = 0.31) through the 
first year of life (fig, $1). Thus, early survival and 
recruitment are the enucial factors inthis animal's 
life histor, rather than the later adult survival that 
‘commonly matters to endangered species (4). 
Black-footod ferrets have bred. successfully 
in the wild for 7.5 (3:8 SD) generations (fig 
1), largely obviating fears that inbreeding de- 
pression or captive propagation would impair 
population establishment or shorttemy persist 
G3), Vulnerabilities to infections discases 
and potential declines of prairie dog populations 
remain serious concems, We suggest, however, 
‘could include more opportun- 
istic and. widespread reintroduction attempts 
‘without short-term postrelease monitoring. Al 
though some attempts may not yick! immediate 
success, the Shirley Basin example shows that 
species recovery is possible, given the ferret’s 
cipacity 10 persist at low population levels and 
to increase rapidly in favorable environments 
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Multifunctional Nanomechanical 
Systems via Tunably Coupled 
Piezoelectric Actuation 


Sotiris C. Masmanidis,? Rassul B. Karabalin,* Iwijn De Vlaminck,? Gustaf Borghs,? 
‘Mark R, Freeman,? Michael L. Roukes** 


Efficient actuation is crucial to obtaining optimal performance from nanoelectromechanical systems 
(NEMS), We employed epitaxial piezoelectric semiconductors to obtain efficent and fully integrated 
NEMS actuation, which is based on exploitation of the interaction between piezoelectric strain and 
builtin charge depletion. The underlying actuation mechanism in these depletion-mediated NEMS 
becomes important only for devices with dimensions approaching semiconductor depletion lengths. 
The induced actuation forces are controlled electrically, and resonant excitation approaching 
single-electron efficiency is demonstrated. The fundamental electromechanical coupling itself can be 
Programmed by heterostructure band engineering, externally controlable charge depletion, and 
‘aystallographic orientation. These attributes are combined to realize a prototype, mechanically based, 
exclusive-or logic element. 


domain at th eter scale presents Iestigated the use of piezoclectric semi- 
| 1eW opportunities for realizing cketro- conductors as active structural materials. for 
mechanical transducers with ultralow NEMS resonators. The active region of our nan 
power consumption, high sensitivity, integratcd mechanical deviees consists of a 200sum-thick 
ane-scale array architecture, and coupling to epitaxially grown GaAs pypeintrinsicm-type 
mesoscopic phenomena (/). As an advancement (pin) diode (10). The chimped ends of the sas 


‘of microclectromechanical systems, which have a sctificial 
become mainstream devices such as optical 
switches, ink jets, and accelerometers, nanoelee- 
tromechanival systems (NEMS) have shown great 
promise as highly sensitive detectors of mass 
digplacemient (4), chapee (5), and energy (6). 
Wwever, a eleetromechanieal deviees ane scaled 
ward, transduction becomes increasingly dif 
ficult, hampering efforts to create finely controllad 
integrated systems. In spite of substantial progress 
inthe fick! (7) an efficent, inteyrate, and custom 
iaable technique for actively driving and tuning 
NEMS resonators has remained elusive. Conven- 
tional approaches such as magnetomtive, electo- 
static, and eletrothenmal techniques (7, 8) sulfer 
fiom either low power effin, limited potential 
{or integration, or poor nanoscale control over 
‘elcctrmnectuical coupling. In contrast, one ofthe 
carliest and most strightforward actuation meth- 
‘xls, based on the piemelectic effect, provides a 
means of dircetly converting an electric field into 
mechanical strain, Discovered by the Curie brothers 
n 1X80 (9), it has since been Widely appfcd in 
ult of systems ranging from clocks 4 mi- 
crowwave electromechanical fiers and biosensors 
However, new nanoscale functionality enabled by 
Piemelectric coupling has not yet been system- 
tically explored with top-down NEMS devices 
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pended structures lic on top 
layer, which is doped along with 
llow the back side of the wafer 10 
ground elvctrode. An n-doped layer 
serves asthe top electrode, and finally, the charge- 
depleted high-resistince region in the middle 
forms the piczoelectrically active layer. Details 


fabrication are presented in (11), We first focused 
on NEMS cantilevers, as depicted in Fig. 1A, 
which we used to gauge the efficiency of piezo 
ectic excitation. To ensure that the mechanical 
readout scheme was decoupled fiom charge- 
depletion effects, we employed optical interfer- 
‘ometry (12) to sense motion so that unnecessary 
‘complications were not introduced into our analy 
sis. During a typical measurement (Fig. 1B), an ac 
signal applied across the pin junction actuates the 
device at oF near its resonance frequency, while 
the addition of de voltage tunes the depletion- 
region width. Within the device, a tansvene 
elcctic fiekl, E,, produces a longitudinal strain 
6 =dyEx, where dy; is the anisotropic piczo- 
dlectric coefficient (13), A bending moment 
develops when the strain is asymmetrically dis- 
tributed around the beam’s ncutral axis, which 
results in mechanical resonance under a suitable 
range of driving frequencies. The particular canti- 
lever shown in Fig. | is found to have a resona 
fiequency of ¥ MHz and a quality factor (Q) of 
2700 (Fig. 1C). Our measurements are in agree 
‘ment with the expected value for this structure's 
first out-of-plane vibrational mode, ‘The piczo 
ectic effect is capable of driving the device with 
ae signals as low as $V before the onset of 
thermomechanical Nuctuations (Fig. 1C, inset), 
corresponding to approximately a single electronic 
change on the cantilever itself. Assuming a 
mum current flow of | nA atS Vor ac drive (4), 
the minimum required power consumption of this 
device approaches $ fW, with 1 nWV being more 
sxpresentative of typical operating conditions (an 
ac drive of 10 mV) during actuation. Further im 
‘provement is expected from semiconductor ban 


‘on the pin junction doping profile and device structure optimization. 
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Fig. 1. Nanomechanical piezoelectric actuation. (A) GaAs cantilever with embedded pin diode 
structure. The dimensions are: lenath, 4 jim; width, 0.8 jim; and thickness, 0.2 jim. Scale bar, um. (B) 
‘Measurement setup. The bias T allows both de and ac signals to be applied. All measurements were 
performed at room temperature and a pressure of 5 millitorr. (C) Frequency response around the 
resonance of a diode-embedded cantilever (pin-1) under O dc bias. Each line corresponds toa different- 
amplitude ac driving signal across the diode junction. (Inset) Response to drive signals of a few 
microvolts. (Each line, in order of increasing amplitude, corresponds to the addition of SV.) The black 
line labeled “0 nV” corresponds to thermomechanical noise at a 10-Hz bandwidth and sets a lower limit 
‘on the ac driving signal that is required to generate an observable response. RMS, root mean squared. 
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‘These measurements demonstrate the eflicien- 
«ey of this integrated excitation technique, both in 
tems of charge and of power required. For com- 
parison, magnetomotive and clectrothermal 
NEMS actuation schemes are not easily realizable 
With comparable power effcieney, because their 
‘comparatively low impedance results in substan- 
tial curent flow, Moreover, many alternative ac- 


Fig. 2. Votagetunable depletion. A. 
mediated strain manifests itself 
as a change in actuation effi- 
ciency. (A) Frequency response 
‘of the same device as in Fig. 1, 
but with a fixed ac drive (10 
mV) and a different d bias. (B) 
‘Model electrc-field distribution 
ina stereotypical pin junction. 
The colored lines correspond to 
the field under increasing ap- 
plied voltage. The field lines 
are skewed toward the lower- 
doped side (in this case, the 
pink p-type layer), resulting in 
a different piezoelectric strain 
distribution that alters the ac- 
‘uation efficiency. (€) Normal- 
ined resonance amplitude versus 
cbiasvoltage for three diferent 
pin diodes embedded in ident 
‘ally shaped cantilevers. For ease 
‘of comparison, the response of 
‘each device was normalized to 
its own amplitude at 0 de volts. 
The ac driving signal was fixed 
at 10 mV. (Inset) Predicted 
behavior ofthe diodes (12) 
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Fig. 3. Piezoelectric resonance- 
frequency control. (A) Doubly 
clamped beam structure with 
the same dimensions asin Fig. 
JA. Seale bar, 1 yum, (B) Fre- 
{quency response near the 
beam’s fundamental out-of- 
plane resonance mode. Each 
line corresponds to a different 
dc bias applied across the diode 
junction. The ac driving ampli- 
tude is fited at 70 mV. (C) 
Phase-locked-loop measure- 
iments of resonancefrequency 
shift as a function of voltage. 
The blue and red lines corre 
spond to beams fabricated 
‘along the [110] and [-110] 
‘epstallographic directions, re- 
spectively. Their slopes have 
‘opposite signs because of pi- 
cezoelectric anisotropy. (Inset) 
Time-dependent frequency shift 
under the stepwise addition of 
10 mV. About 500 electronic 
charges were added to the 
beam at each step. 
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uation schemes rely on extemal electromagnetic 
fields mediated by gates (electrostatic), solenoids 
(magnetomotive), or bsers (optothermal}; hence, 
they are not readily incorporated into the active 
vibrating structure of a nanoscale deviee. 

The strain generated by an electric ficld is 
‘concentrated within the highly resistive charge- 
depletion region, This allows us to adjust the 
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piccoclectric actuation efficiency by altering the 
depletion width with an applied voltage, in much 
the same way as capacitance is systemically 
altered in varactor diodes. This actuation effect, 
however, is unique to nanoscale semiconductor 
structures, where the characteristic device length 
scale (ithe thickness ofthe pin heterostructure) 
«can become comparable to the depletion width, To 
‘verify this form of electromechanical coupling, we 
measured the performance of the cantilever under 
difteremt de bias conditions (Fig. 2A), As 
expected, the mechanical amplitude of the 
device's response strongly depends on the de 
voltage, We developed a simple analytical model 
that combines two competing mechanisms that 
contro} actuation (17): (i) depletion-mediated 
srain (Fig. 2B and fig. S1) and (i) 
resistance of the pin diode junction (fi 
Because stain is proportional to the voltage across 
the junction, lowering the resistance Via excessive 
forward or revere biasing of the diode leads to a 
reduction of actuation efficiency, However, this 
effect is not evident slong asthe diode bias value 
lies below its “on state and above breakdown, 
‘which ane respectively determined to be 

3.V. To validate our predictions, we 
identical cantievers from three pin diode junctions 
and measured their resomince amplitudes as a 
function of de voltage, The diodes’ doping pro- 
files were designed to demonstrate three quali 
tively different effects of depletion-mediated sta 
cn actuation: (i) increasing resonance amplitude 
‘under decreasing voltage (pin-1), (i) constant am- 
plitude (pin-2), and (il) decreasing, amplitude 
Apin-3), We found good agreement between the 
observed and predicted mechanical response of | 
these devices (Fig 2C), 

Another remarkable feature of NEMS 
fabricated fiom piezoelectric materials is voltage- 
induced resonance-frequency contol. To demon- 
strate this, we patterned doubly clamped beams 
‘sich as those shown in Fig, 3. These structures 
are driven to resonance in the same fashion as are 
cantilevers. Shifts in resonance are clearly 
observed upon the de-biasing of the device 
3B), bocause piezoelectric strain is converted ilo 
saress asa result of clamped-clamped boundary 
conditions (/5). In the ease of small per 
trations, this behavior can be quantitatively 
scribed by the following expression (6) 


M=-V3¥]pdy/(2n?) (1) 


The elastic Young's modulus Ys 101 GPa, the 
density p is $3 gem’, 1 is the total device 
thickness (200 nm), Afis the change in frequen; 
and isthe voltae. The above expression implies 
Tincarfrequency-voltage dependence. In addition, 
because of the anisotropic nature of the piezo- 
lecitic coefficient, we expect to be able to 
control the slope of AY by fabricating the beam 
along a prescribed direction. Both predictions 
Verified by the measurements displayed in Fi 
3C. The equal and opposite tuning slope of de- 
Vices aligned along the [110] and [-110] dire 
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tions is characteristic of the opposite sign of 
dy along these directions. Fitting the slope of 
the steepest line to Eq. | yields value of day = 

1.33 pV, in excellent agreement with the 
accepted measured value along the [110] direc- 
tion (/3), Because stresses in cantilevers can relax 
by expanding or contracting, their frequency 
tunability is substantially lower than that of beams, 
as is evident by comparing Figs. 2A and 3B. The 
‘combination of integration, linearity, voltage 
ficiency, and erystallographic anisotropy of pi 
celoetric frequency tuning presents an advantage 
‘over other tuning mechanisms that rely on electro 
static force (5) oF thermal stress (/7). Devices that 
may benefit from the added functionality include 
Parametric amplifiers (/8), intrinsically cooked 
anomechanical resonators (/9), and voltage 
controlled mechanical oscillstors in frequency 
standards or sensing application. 

‘As a famher example of the potential appli- 
‘cation of voltage-dependent frequency tuning, we 
demonstrated piezoelectric nanomechanical 
charge sensing. The inset of Fig. 3C shows the 
time progression of frequency during stepwise 
10-mV inereases in DC bias, Each step come- 
sponds to the addition of ~2 kV/cm of field across 
the depletion region oF ~500 electronic charges on 
the resonant device (20), The highest achievable 
resolution at room temperature is ~100 elvetrons, 
and itmay be possible to approach single-electron 
resolution by using enhanced readout techniques, 
aan optimized quality factor, and higher aspect- 
ratio beams (2/) This sugwests that, unlike other 
NEMS resonator sensors, which typically mea- 
sure only mass aceretion, tunable piezoelectric 
transducers could also serve as detectors of ionic 
species, making them attractive candidates for 
inass spectrometry applications (3), 

Our ability to finely control the mechanical 
response of NEMS devices in a variety of ways 


Fig. 4. Radio-frequency nanoelectrome- 
chanical analog of an XOR logic gate. (A) 
L-shaped cantilever with electrically 
isolated but mechanically connected in- 
puts, Scale bat, 1 yam, (B) Measured fre- 
‘quency response to a 5-mV ac driving 
signal applied to the inputs: A not B, red: 
B not A, blue; and A and B, black. (Inset) 
The real component of the response 
signal, indicating the 180° phase shift 
between the response due to driving at 
input A and that due to driving at input B. 
(© Schematic illustration of the mechan- 
ical XOR logic gate's operational princi 
ple, exploiting piezoelectric anisotropy. 
‘When an ac drive was applied across only 
‘one of the inputs, the device responded 
with equal mechanical amplitude but 
‘opposite phase (the “on” state). This 
resulted in an effective cancellation of 
motion ("off” state) when the drive was 
simultaneously applied to the two inputs. 
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raises the intriguing possibility of creating che- 
ents for nanomechanical logic and computation. 
I is worth recalling that some of the carlicst 
‘computers were mechanical, and interest in this 
concept has resurfaced with the advent of non- 
volatile carbor-nanotube memory elements 
As an initial implementation of piceoelectric 
NEMS logic, we took advantage of the erystallo- 
{graphic anisotropy of dy; The prototype device 
(pictured in Fig 4A) consists of an L-shaped 
cantilever with two separately addressable inputs 
for actuation, The top conducting portion of the 
structure was removed atthe tip, resulting in 3 pair 
‘of mechanically bound but electrically isolated 
actuators. When driven fiom only input A or B, 
the entire structure resonates with a fundamental 
frequency of 10 MHz and a Q of 2000 (Fi. 4B). 
Because the two halves ofthe structure are aligned 
along erystallographically orthogonal directions, 
\we observed that stimulus at input A resus in an 
cexquatmagnitude but opposite-phase mechanical 
response as the same stimulus applicd at input B 
[Fig. 4, B (inset) and C] (23), Thus, when the a 
driving stimulus of the same magnitude was 
simulancously applied to both inputs through a 
O-degree power spite, the response of the dev 
was found to be substantially atenuated, as one 
would expect from a cancellation of motion, This 
device represents a prototype radio-frequency 
nanomechanical analog to an exclusive-or 
¢XOR) logic gate with a demonstrated on off rt 
of 8:1, We envision the integration of NEMS logic 
in large-scale arrays that could cary out pre 
inary computations in the clectromechanical 
domain before conventional digital processing 
(24), Potential advantages of this approach inchide 
Jower net power consumption and greater fine 
tionality int computation, 

We have demonstrated an approach to de- 
signing nanoelectromechanical systems from 


10.06 1008 10.10 


Frequency (MHz) 


0.12 10.14 


piezoclectric semiconductors with tailored band 
structure, geometry, and crystallographic dinve- 
tion, The resulting clectromechanical coupling 
phenomena, which rely entirely on intrinsic 
material properties, facilitate the ereation of com- 
pact, tunable NEMS arays for mukidimensional 
sensing (25) and nanomechanical computing 
applications (24). The ability to regulate actua- 
tion efficiency through depletion-mediated strain 
in the semiconductor hetemastructure’s. low 

operating-power regime raises the prospect for 
developing efficient, high-speed electrome- 
chanical switehes. Such devices may play an 
important role in selectively addressing individ- 
wal clements in large-scale arays of NEMS. 
Furthermore, the integration of a reliable and 
customizable frequency-tuning method adds 
‘weful layer of functionality that has so far been 
absent in NEMS. Although not explored here, the 
reveribility of piezockectric phenomena offers 
the potential forultrasensitive electrical measure= 
‘ment of nanomechanical motion (26-29), Finally, 
allof the concepts presente here are transferable 
toa wide variety of other materials beyond GaAs 
(such as AIN, SiC, or Zn10), which may provide 
‘enhanced electrical and mechanical properties 
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Label-Free, Single-Molecule 
Detection with Optical Microcavities 


Andrea M. Armani,” Rajan P. Kulkarni,” Scott E. Fraser,*?* Richard C. Flagan,™* Kerry }. Vahala® 


Current single-molecule detection techniques require labeling the target molecule, We report a 


highly specific and sen: 
whisp 


‘optical sensor based on an ultrahigh quality (Q) factor (Q > 10°) 
gallery microcavity. The silica surface is functionalized to bind the target molecule; 


binding is detected by a resonant wavelength shift. Single-molecule detection is confirmed by 
observation of single-molecule binding events that shift the resonant frequency, as well as by the 
statistics for these shifts over many binding events. These shifts result from a thermo-optic 


mechanism. Additionally, label 


fee, single-molecule detection of interleukin-2 was demonstrated 


in serum. These experiments demonstrate a dynamic range of 10* in concentration, establishing 
the microcavity as a sensitive and versatile detector. 


protein folding kinetics (/), molecular transyort 
(2, 4), and aspects of DNA replication (). 
However, all of these breakthrough experi 
required labeling of the tay 
the ease of surface-enhanced Raman spectrosco- 
py (SERS), total intemal reletion fuorescence 
Inicroscopy (TIRF) and confocal microscopy. this 
Fabel behaves as an amplifier for an otherwise 
undetectable single-molecule signal: however, it 
also restricts an experiment’s scope, because there 
must be prior knowledge of the target's presence 
and the tanget molecule must be modified to 
incomorate the label (7-12), There have been 
several attempts to overcome this need to label the 
analyte by developing label-five sensing technol- 
‘ogies, ranging from fiberoptic waveguides (13) 
and nanowires (14) to nanoparticle probes (5), 
biochips (/6), and mechanical cantilevers (17). 
butinone his achieved single-molecule sensitivity. 
Optical mierocavities have been proposed as a 
powerful method to achieve labebfee detection 
Df single molecules because the resonant recireu- 
lation of light within a microcavity allows the 
molecules many more times 
ple optical wave- 
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contrast, by using a planar microcavity wi 
quality (Q) factor of 10 (Fig. 1A), the molecu 
sampled more than 100,000 times. This increased 
sampling manifests itself both as a shift of the 

gth and as a decrease in the Q 
factor as the tanget molecules diretly change the 
‘optical path length andlor the cavity loss of the 
sensor (/8, 19). The current. work extends these 
ideas by adding a new mechanism through which 
molecules can induce a resonant wavelength shift 
In particular, it will be shown that a thermo-optic 
mechanism greatly enhances detection sensitivity 
Biochemically functionalizing the surface of the 
resonator to recognize the taret molecule should 
provide an excellent platform for ultrasestive 


detection and specific id , 
unlabeled target molecules (2 
We fabricated ph $ of silica micro 
towid whispering-pallery resonators. (Fig. 1A) 
sing a simple three-step process: (i) citwular 
oxide pads were lithographically detined (i) the 
silicon wafer was selectively etched with xenon 
lifluoride, firming amays of silica microxisks: 
ana (i) the microlisks were reflowed with a CO 
laser (24, 25), Mierotoroids offer © factors in ex 
cess of 100 million for enhanced detection sen: 
ys and their silica surfaces ane readily 
functionalized. for specific detection of biomol 
ecules (23), The microtoroids were coupled to a 
tunable laser and detector by a tapered optical fiber 
waveguide and were immersed in water within 
‘microaquarium with syringe inlets for introduc 
samples (26). The tapered optical fiber waveguide 
nto the Whispering-gallery mode at 
the microtowid. The resonant 
ry mexde is partially 
side the silica mierotoroid, but it evanesces into 
the liquid environment (Fig. 1B). Thus, the light 
imeracts strongly with the molecules once they are 
captured on the toroidal surface, in a man 
ilar to the way that surface plasmon resonance 
(SPR) sensor interrogates a sample (27), The silica 
surfaces were sensitized either with biotin or ant 
bexlies to capture specific molecules {avidin or the 
target antigen, respectively (26). This binding 
imteraction creates red shifts of the resonant wave- 
length that ean be monitored in real time (24), 
In the static condition without the presence of 
biological molecules, the opposing thermo-optic 


Fig. 1. The microtorcid resonator biological sensor. (A) A scanning electron micrograph (SEM) image of 
the UHQ microtoroid optical resonator. The silica microtoroid is fabricated on a silicon wafer using planar 
lithography and rflowed using 2 CO laser. The typical microtoroid diameter used inthis work was 80 jm, 
(B) A finite element model [FEMLAB (COMSOL, Burtington, Massachusetts, USA)] of a 4<um minor 
diameter microtoroid resonator immersed in water. Although the majority of the optical field resides in 
the silica toroid, a portion of the field evanesces into the environment (indicated by a white arrow) The 
interaction of the whispering-gallery mode with the environment, specifically molecules bound on the 
surface of the toroid, enables the ultrasensitve detection. 


SCIENCE VOL 317 10 AUGUST 2007 


783 


| REPORTS 


784 


effects of water and of silica balance to stabilize 
‘the conventional thermally induced shift (26). 

‘The working range of this devive was deter 
mined with interleukin-2 (IL-2), a cytokine re 
Jeased in response to immune system activation to 
extrinsic and intrinsic stimuli, Concentrations 
ranging ffom 1» 107 M to 1 = 10° M were 
‘controllably flowed past the microtoroid resonator 
using a syringe pump (26), For IL-2, the highest 
‘oceurrad in the lower concentration 
range, The dose-response curve (Fig. 
sigmoidal, as would be expected from antibody 
antigen binding if there were a finite number of 
binding sites, An easily detectable response was 
‘obtained at $= 10" M, with greater than 10:1 
signal-to-noise ratio (Fig. 2, inset A). With 
increasing concentration, the responsivity dimin- 

hed; however, wavelength shifts were detect- 
se for concentrations as lange as 10° M (Fig 2, 
inset B). This working range is a 12-decade 
concentration range (10"), This ean be compared 
With that for other label-five room-temperature 
detection techniques, such as nanowire sen- 
sors (10°) (2) and microcantilevers (10°) (29) 
‘and is comparable to or greater than fluores 
‘cent oF luminescent assays such as chemilumines- 
ence (30), 

For the lowest concentrations where shifts are 
‘observed, small numbers of molecules would be 
expected to interact with the toroid, which 
suggests thatthe sensor might accomplish label 
fice single-molecule detection. To investigate this 
regime further, dats acquisition system was used 
to measure resonant Wavelength versus time at 
fixed concentrations and flow rates. Figure 3A 
shows shift responses versus time at three 
concentrations of IL-2 (26). By optimizing 
solution concentration, solution injection rate, 
‘and data acquisition rate, shifts caused by 
individual molecules binding to the surface of 
the toroid were resohed. We observed stepwise 
shifts, and their fiequency sealed linearly with 
‘concentration. Using raw dt like that presented 
in Fig, 3A, we plotied a histogram of the 
istibution of shifls over a given perio of time 
for several concentrations of IL-2 (bin size is 
(0,001 pm) (Fig. 3C). In each ease, the histogram 
has a maximum shift value that is independent of | 
the concentration. This behavior is expected 
because wavelength shits will depend on the 
strength of interaction between the bound mole 
ceule and whispering-gallery optical moxte. The 
interaction will be strongest for binding at the 
‘equatorial plane and diminish rapidly as: mole 
‘cles bind even a few micrometers offet from this 
plane. Hence, these histogram plots ane consistent 
With somewhat uniform binding of molecules 
‘over the toroid surface, thereby ereating a 
distribution of shifts with a maximum given by 
rolecules at the equatorial plane (26). 

‘To fiurher verity the single-molecule nature of 
these binding events, the statistics in time were 
studied in (26) and contimmed a Poissonian 
Ibchavior for binding events. A single-molecule 
pphoto-bleaching experiment was also designed 
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using a CyS-babeled antibody (3/). The experi- 
mental details and the results demonstrating 
single-molecule bleaching using the toroid as the 
‘excitation source are contained in (26). 

‘The single-molecule shifts observed here are 
large based on previously proposed detection 
mechanisms (/8, 19), However, at the fisn- 
damental level, these theories assume that bi- 
ological molecules have only a direct effect on 
cither optical path Jength or Q factor by way of 
their complex polarizability. In such cases, i is 
straightforward 10 show that sensitivity scales 
linearly with microcavity Q factor and that 
wavelength shifts produced by single-molecule 
binding events are several orders of magnitude t00 
small to explain the current observations, We 
propose instcad, and verify through a series of 
measurements, a mechanism of detection that 
attains a greatly enhanced sensitivity by leverag- 
ing the high Q factor of the silica microtoroid 
twice (ie. quadratic dependence of sensitivity 
With Q factor) This mechanism, not previously 
considered ina microresonator sensor, results 
when the high circulating intensities within the 
resonator locally heat molecules attached to the 
Whispering gallery, This temperature increase 
results in a rad shift of the resonant wavelength 
through the thermo-optic effect, when the 
Whispering-gallery material itself (in this asc, 
silica) is heated by the molecule. Contrasting this 
mechanism with the conventional method of 
microcavity detection based on directly induced 
changes in optical path Kength of the whispering: 
gallery resonant mode shows thatthe optical path 
Fength in the present case is varied indirectly and 
in proportion to the intensity-induced heating of 
the molecule. This mechanism therefore receives 
a double benefit (Le., quadratic) from the ultrahigh 
0 factor (UIQ: firs, from the narrow Finnewidhh 
{i., improved resolution in measuring shifts), and 


Fig. 2. The working range 
and dose response of the 
imicrotoroid sensor was in- 
vestigated using a series of 
IL-2 solutions ranging from 
10°” Mto 10M. The Q of 
the cavity used in this study 
was 183 x 10°. This re- 
sponse is sigmoidal, as 
would be expected from 
antibody-antigen binding 
if there were a finite num- 
ber of binding sites. The first 
reliable signal was obtained 
at 5 x 10™ M. The total 
working range of the sensor 
is from 5 aM (5 x 10) to 
1 wM (1 x 10°); the 
response of the sensor is 
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second, from an increase in the intrinsic shift by 
‘way of the thermo-optic effet, 

‘The expected thermo-optic wavelength shit 
ssraightforward to predict. Beginning with the 
‘wave equation and adding a perturbing thermal 
contribution to the susceptibility, the theo 
ical wavelength shift produced by a sin 
molecule (bound at the intensity maximum) by 
the thermo-optic mechanism can be shown to 
be given by (32); 
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‘where % is the wavelength, «Fis the absorption 
cerss section of the molecule, diidT isthe 
‘opothcrmal constant of silica (13 = 10°° Kx 
is thermal conductivity, isthe effective reffaet 
index of the silica toroid, "is the optical mode 
‘volume, Q is cavity Q factor, and P isthe coupled 
optical power. The integral in this expression 
accounts forthe spatial overlap of the whispering 
galllery mode fick! {win}, with the temperature 
‘profile created by the nearly pointlike molecular 
‘heat source. The parameter eis on the order of the 
‘Physical radius ofthe molecule (23) and, as shown 
below, has a negligible role in determining the 
magnitude of predicted shifts, As noted above, 
the strength ofthe themno-optic effet depends on 
the circulating intensity within the toroidal whisper- 
ing gallery. as evident in Eq. | by the dependence 
fof the resonance shift on the coupled optical 
power, cavity Q, and modal volume. 

Using this expression, we ea establish the 
absomption cross section required to ereate a shift 
‘equal wo one-cavity linewidth (34), 
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‘ot linear over this entire concentration range. The error bars are smaller than the symbols in the main 
‘graph and are shown in the insets. (A) Enlarged view of the low concentration response. The first 
concentration that has a detectable response is 5 al. The error in this data is + 0.005 pm. (B) 
Enlarged view of the higher concentration response (after considerable site saturation has occurred). 


The error in this data is = 0.005 pm. 
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‘This figure of merit illustrates how the sensitivity 
benefits quadratically trom the cavity Q factor. AS 
an example, fora cavity 0 factor of 250 milion, a 
‘coupled power of | m\V, a molecular radius inthe 
range of 3 to 50mm (34), a wavelength of 680 nm, 
4 toroid of diameter 80 jum, and the optical and 


thermal constants of silica, oy is between 1.1 = 
1077 cm? and 1.5 * 1077 em’. This value is well 
below the values for many biomolecules and 
does not represent a fundamental limit of de- 
tection because, in principle, detection of sub- 
finewidth shifis is possible provided that the 
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Fig. 3. (A) The position of the resonance wavelength as a function of time at three different 
interleukin-2 concentrations. As molecules bind to the surface, the resonant wavelength position 
jumps, creating the steps seen. When the concentration is increased, the general slope of the trace 
increased because the binding rate increased. it is important to note that discrete binding events can 
be resolved at this data acquisition rate. (B) The position of the resonance wavelength as a function of 
time at three different 1-2 concentrations in fetal bovine serum. Also shown is the case of pure 
serum, As molecules bind to the surface, the resonant wavelength position shifted, creating the steps 
seen, Similar to the data shown in (A), the slope is related to the concentration, and individual events 
are resolved. (C) A series of histograms formed from steps like those in (A), showing the relation 
between total resonant wavelenath shift and number of molecules that bound to the surface of the 
toroid. As the concentration increased, the number of binding events increased; however, the largest 
shift remained constant. This shift isa result of molecules binding at the highest intensity region on 
the surface of the toroid. The largest shift achieved agrees very well with the expected shift from the 
thermo-optic theory based on the @ factor of the microcavity used in this experiment (1.20 x 10°). 
This histogram is formed from 5 min of data, and the bin size is 0.001 pm. (D) Histogram showing 
single-molecule binding events like those in (C). Two features are noteworthy: The largest shift is 
independent of concentration, and the number of binding events increases in proportion to 
concentration. The largest shift achieved agrees very well with the expected shift from the thermo- 
‘optic theory based on the Q factor of the microcavity used in this experiment (1.05 x 10*). This 
histogram is formed from 1 min of data, and the bin size is 0.001 pm. 
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signal-to-noise ratio isadequate (34), Conversely, 
if a cross section of 2 = 10°" cm? is assumed 
(ypical of several molecules used inthis study), 
then a single-molecule wavelength shift of be- 
tween $0 and 33 fim is predicted, which is easily 
detected fora UHQ microcavity, We note that the 
thermo-optic mechanism is not limited to UHQ 
silica resonant cavities and can be generalized 10 
ther lower-Q resonant cavities, provided that 
power levels are substantially boosted 10 over 
‘come the reduced Q. 

We verified the proposed themo-optic de- 
tection mechanism and investigated its universal 
ity by performing a serics of single-molecule 
detection experiments using molecules of varying 
absorption cross sections, ranging from 10"! to, 
10° cm? at low concentrations (35), The 
dependence of the resonant shift on Q was 
\itiod by using cavities with Q fictors of ether 
<1» 10* or ~2 = 10 (26), The lowest cross, 
section molecules used were the IL2 antigen (Fig. 
3), protein G. and streptavidin, Two diffe 
polyclonal antibodies were also used and serve 
8 intermediate absorption cross. section. mole- 
cules. Two high-cross section fluorescent dye 
moleeules were alo used: Cy$-labeled antibody 
(luorescent dye) and QSY-21 (a quencher 
mpolccule designed to absorb ight like a huores- 
cent dye but not to re-emit photons) to provide 
further cross-sectional dynamic range in the test, I 
‘we assume that the largest shift in the histogram 
corresponds 10 the ease of a single-molecule 
binding event at the region of highest intensity 
(ie. the equatorial plane of the whispering 
sallery), this maximum shift can be ploted Versus 
the molecular erass sections to verify Eq. 1 

Figure 4 summarizes the theoretical predic- 
tions and experimental results by plotting the 
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Fig. 4. The expected theoretical relation between 
absorption cross section and maximum resonance 
shift i confirmed experimentally for IL-2, strepta~ 
Vidin, protein G, two different IL-2 antit 
and two synthetic fluorophores (CyS and QSY-2). 
These shifts are determined using the method 
described in 26). The solid symbols were taken 
using microresonators with Q ~ 1 x 10% the 
hollow symbols were taken using microresonators, 
with Q ~ 2 x 10%. The two solid curves are the 
theoretically predicted dependence based on 
fq. 1. 
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Jargest measured single-molecule resonance shift 
versus absomption cross section. For small cross 
sections (that do not lower cavity O), a linear 
dependence is expected based on the thermo- 
‘optic model presented above (we assume a 
negligible impact of the size parameter ©). The 
coupled input power and toroid diameter were 
‘constant throughout the measurements, With the 
exception of the shift data for QSY-21, single 
molecule data were obtained for multiple binding 
events on a single tomoid. QSY-21. appreciably 
lowers the Q factor, which made multiple singke- 
molecule measurements untenable. From Fi. 4, 
itis apparent that there is excellent alignunent of 
the data across all of the distinet molecules and 
for both Q factors. Furthermore, it should be 
noted that the higher Q factor provides. a 
proportionally larger shift, as expected ffom the 
proposed mechanism. The solid lines in Fig. $are 
the theoretical predictions based on the previous 
ly outlined thermo-optic model, using a single © 
Valle of 35 1m, 

The detection mechanism is ot purely finear 
in cross section because a single molecule that is 
highly absorbing can decrease the eavity Q factor 
(26), This phenomenon occurs both with CyS and 
QSY-21, which impact the Q factor even at the 
single-molecule level, Because the Q factor is 
decreased, the circulating intensity is reduced, 
and the themo-optic induced heating is also 
decreased. Thus, the Tinear fit for smaller cross 
section molecules (which assumes a constant Q 
and hence constant circulating power) is ex 
ppevted to break down in these eases in precisely 
the manner observed. 

‘To verify the application of the microtoroid 
sensor as «diagnostic tool for medical applica 
tions, detection of IL-2 in fetal bovine serum was 
chosen. AS mentioned previously, IL2 is a 
‘eytokine which is retease! in response to immune 
system activation. However, the concentration of 
TL2 jin serum has been shown to change in 
patients with childhood leukemia and to be an 
indicator of an impaired immune system (36). 
However, IL-2 is present at very low concen 
trations (10° to 10" Myand, therefore, it can be 
difficult to detect these changes quickly 

‘To demonstrate detection of IL-2 in serum, 
three serum solutions were made that contained 
300 aM, 600 aM, oF 900 aM of IL-2 (26). Ad- 
ditionally, pure serum was flowed over the 
functionalized! toroid (26), Figure 3B. shows the 
resonant wavelength shifls that resulted from 
these detection events. Several features of this 
data are significant First the total resonant wave 
length shift inereases as a direct function of the 
concentration, and the individual binding events 
ean be resolved, as in the previous detection 
events in pure solution (Fig. 3A). Second, the 
shift fiom the pure serum is negligible, which 
indicates that none of the additional components 
in the serum interfores appreciably with the de- 
tection (26). 

From this resonant shift data, a histogram is 
created for cach of the IL-2 concentrations. Figure 
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3D shows the distribution of wavelength shifis 
forall of the single-molecule binding events. The 
Fargest shift that occurred (which, as noted be- 
fore, corresponds to binding atthe highest inten- 
sity region of the microtoroid) was the same at all 
toe IL-2 concentrations. This value agrees very 
Well with the theoretically predicted value based 
‘on the cavity @ forthe toroid used in this exper- 
iment and the absorption cross section of IL- 
Additionally, the number of molecules that bind 
increases as a function of the concentration, 3s 
would be expected (26), 

Although there are many other single-molecule 
detection schemes possible, this UHQ optical 
microcavity docs not require specific labeling of 
‘the analyte or antigen in question. This method of 
detection functions at wom temperature and is 
capable of performing both label-free singke- 
molecule measurements and higher concentration 
measurements on a single platform. It will enable 
a new class of biological experiments, including 
monitoring growth fictors that are emitted from 
living cells in vivo, Because our device is bio- 
compatible and can operate in aqueous cnvi- 
ronments, it can be wsed for dircet detection of 
proteins within biological samples without label- 
ing, or even separation, and it should be applicable 
for the detection of tumor markers present at low 
concentration in a serum sample or rare growth 
factors secreted from eels in culture. 
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Ultrafast Flash Thermal 
Conductance of Molecular Chains 


Zhaohui Wang,?* Jeffrey A. Carter, * Alexei Lagutchev,’* Yee Kan Koh,? Nak-Hyun Seong,”* 


David G. Cahill,** Dana D. Dlott?*+ 


‘At the level of individual molecules, familiar concepts of heat transport no longer apply. 
‘When large amounts of heat are transported through a molecule, a crucial process in molecular 
‘electronic devices, energy is carried by discrete molecular vibrational excitations. We studied heat 
transport through self-assembled monolayers of long-chain hydrocarbon molecules anchored to a 
‘gold substrate by ultrafast heating of the gold with a femtosecond laser pulse. When the heat 
reached the methyl groups at the chain ends, a nonlinear coherent vibrational spectroscopy 
technique detected the resulting thermally induced disorder. The flow of heat into the chains 
‘was limited by the interface conductance. The leading edge of the heat burst traveled ballistically 
along the chains at a velocity of 2 kilometer per second. The molecular conductance per chain was 


50 picowatts per kelvin. 


eat transport is central 10 the operation 
H 1 mechanical and electronic machinery, 

but at the Keel of individual molecules, 
the familiar concepts of heat diffusion by pho- 
rons in bulk materials no longer apply. Hh 
transported through a molecule by diserete mo- 
lecular vibrations. An emerging arca in which 
Vibrational eneray transfer becomes crucial is 
the fick! of molecular electronics, where long- 
chain molecules attached to tiny electrodes are 
used to transport and switch elzetons. When an 
electron is transported through a molecule, a 
of the eleetron’s kinetic enengy can be 
lost, appearing as molecular vibrational en 
ergy (J). In studies such as this one, in which 
molecular energy levels are not individually 
resolved, it is conventional to call such pro- 
esses “heat dissipation” or “nanoscale ther- 
imal transport” (2), even though an equilibrium 
Boltzmann distribution is not necessity achieved. 
Nitzan and co-workers (3) have estimated that 
10 1 30% of the electron energies could be 
converted to heat, s0 that a power of 10" eVis 
may be dissipated on a mokcular electronic 
bridge camying 10 nA under a bias of 1 eV. 
Using classical and quantum mechanical meth- 
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‘od, they and others (/) have calculated steady- 
state temperatures resulting fiom such dissipation, 
Steady-state calculations, however, do not en- 
tirely capture the essence of this phenomenon 
The energy lost when electrons are transported 
through a mokcular wire ina fraction of a 
Picosecond appears as staccato bursts, up 10 
1 eV per burst. On a 10-carbon alkane mol 
cule, for instance, 1eV is enough energy to 
proxuce a trinsient temperature jump AT 

225 K. AL the temperatures associated with 
these ultrafast energy bursts, Nitzan and co- 
workers (3) suggest that, instead of the usual 
phonon mechanisms prevalent in ordinary ther- 
imal conduction processes (/), much of the heat 
is carried by higher-cnergy molecular vibrations 


Fig. 1. (A) Concept of the ultrafast 
flash thermal conductance mea- 
surements. IR and visible pulses 
combine to generate SFG in an 
~200-um-diameter region contain- 
‘ng ~10" alkane chains. SFG is 
sensitive to thermal disordering 
of the alkane terminal methyl 
groups of SAMs, which occurs 
when heat propagates from the 
‘Au surface to the ends of the 
alkane chains. (B) Alkanethiol 
molecule of length h bound to 
‘Au surface. (C) Ultrafast thermal 
reflectance measurements show 
that the Au layer heats up to 
80% of its final temperature in 


A o7mmer SAM 


such as carbon-carbon bending and stretching 
and carbon-hydrogen bending, which are de- 
localized over a few carbon segments (3), 

To study molecular enengy transport in the 
regime of short distances, short time intervals, 
and large temperature bursts, we have used an 
ultrafast fash thermal conductance apparatus 
to study densely packed self-assembled mono- 
layers (SAMs) of long-chain hydrocarbon 
molecules anchored to metal substrates, Laser 
flash-heating increased the temperature of the 
metal substrate to ~8O0°C in 1 ps, Heat owed 
fiom the metal layer into the base of the mo 
Jecular chains and then through the chains. A 
Vibrational spectroscopy method wats used! that 
selectively probed the themmabinduced disorder 
of the methyl groups atthe ends of the chains 
The alkane chain lengths yiekled a ballistic 
velocity for heat flow through the chains, and 
the measured thermal conductance plus the 
area per chain yiekled a molecular thermal 
conductance. 

The concept of the thermal conductance ap- 
paratus is illustrated in Fig. 1A. A femtosecond 
laser pulse Mash-heated an ~300-amdiameter 
region of an Au layer crafted for a fast time 
response of =1 ps. The SAMS were formed 
fiom matkancthiol molecules HS-4{CH2\-CH 
‘with an even number of carbon atoms from C6 
t0C4 (he, fiom $ t0 23), A nonlinear 
cent spectroscopic method (4) teed broxulband 
multiplex. vibrational sum-ffequency genera- 
tion spectroscopy (SFG) probed an ensemble of 

10" alkane chains at the center of the heated 
region. We detemnined an overall rate for heat 
transport from Au into the alkane chains, and a 


SFG intensity (arb) 


1 ps. (D) SFG spectra of alkane thiol (n = 17) SAM at ambient temperature (blue) and after an 


ultrafast temperature increase to 800°C (red). 
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time for heat to propagate from the base to the 
ends of the chains, as a function of the length 
of the alkane molecules. 

‘An 800-nm, S00-f-duration laser pulse from 
‘an amplified ttanium-doped-sapphire laser (5) 
incident on the Auighass interface (the back 
side) of the SO-nm-thick Au layer generated hot 
electrons within a skin depth of ~15 nm (6), 
Because the hot electrons have a large diffusion 
‘coelicient, the electron temperatures at the front 
and back of the Au layer equalized even before 
clectron-phonon coupling brought the hot elee- 
trons into equilibrium with the lattice (6). Within 
~1 ps, the Au layer was in thermal equilibsi- 
tum and uniformly heated throughout (6). To 
improve the adhesion of Au to glass it was 
necessary 10 add a Cr layer beneath the Au. 
Unfortunately, heat transfer from a Cr layer to 
Au is relatively slow: to minimize this effect, we 
made the Cr layer just 0.8 nm thick, An ultrafast 
thenmoreflectance apparatus (2, 7) was used t0 
characterize the temperature rise oF the Au layer 
As shown in Fig. 1C, there is a fist inerease of 
the Au surfice temperature to 80% of the final 
temperature within 1 ps, There is also a slower 
(CLS ps time constant) rise to the final temper 
ature due (0 the Cr layer, The same transient 
response was observed with either front-side or 
back-side Mash-heating and with or without 3 
SAM. The Au layer remained at an approxi- 
mately constant high temperature for several 
onds, subsequently cooling by heat 
on into the glass. In the SFG experiments, 
the intensity of the heating pulse was varied to 
Tocate the threshold for melting the Au, and then 
the pulse was attenuated by 20%, Because the 
melting temperature of AU Tyy = 1069°C, this 
procedure resulted in Mash-heating of the Aw 
layer to -800°C. 

SAMs have been stlicd extensively by 
ince 1991 (8), but ultrafast probiny 
cated SAM requires some elaboration. tn 
the SFG technique we used, a femtosecond in- 


fared (IR) pulse at 3.3 jum with a bandwidth of | 


150 cm is incident on the SAM, coherently 
‘exciting all the alkane CH-stretch transitions in 
the 2850 to 3000 cm”! range, along with 


from a SAM with = 17 (ic.,.an 18-carbon or 
C18 SAM), i shown in Fig 1D. Molecular 
Vibrational wansitions appear as dips against a 
‘broad nonresortant background from Au. These 
mcthyl transitions have a spectral width Av ~ 15 
‘em ', corresponding to a coherence decay time 
constant 7 = 0.7 ps, which indicates that SFG 
signals are emitted during an ~1 ps time wine 
dow. Thus the time resolution of these SFG 
mcasurements is ~1 ps. 

Three intense vibyational transitions were 
‘observed, originating from the symmetric v,CHy 
My methyl stretching vi- 
SCH; bending overtone 
transition, which draws intensity ffom a 2:1 
Fermi resonance with the CH stretches (4, 
All methylene transitions are weak, which is 
indicative of a high degree of order (4). Figure 
1D shows the spectrum of a C18 SAM ~400 ps 
afler flash-heating, where the SAM is in equi- 
Hibeium with Aw at ~800°C. AIL three methyl 
transitions have lost intensity as a result of 
thermal disondering of the methyl groups. The 
28CH band evidences a red shifl. The red shift 
is caused by thermal excitation of the ~1S00 em * 


Fig. 2. Results of molecular simu- 
lations of alkanethiol SANs. (A) 
‘Structure of alkanethiol SAM (n= 
15). Simulations were performed 
‘on a unit cell of 27 alkanes with 
periodic boundary conditions. When 
Tis increased to a high tempera 
‘ture, the methyl head groups be- 
come orientationally disordered. 
(B) The SFG intensity for the vjCHy 
transition is approximately propor- 
tional to the square of the nor- 
malized ensemble-average IR dipole 
moment (j:)hig)", which is temper- | 
ature dependent. (€) With an 
instantaneous temperature jump to 
1100 K, the methyl head groups 
become orientational disordered in less than 2 ps. 


Fig. 3. (A) SFG spectra 


(<i> ling)? € SFG intensity 


y= 1 state, which introduces. an additional 
contribution from the ankamonically red-shifted 
v= 1 y= 3 transition, It is notable that 
methylene transitions remain weak at high 
temperature and that the transient intensity loss 
is reversible once the SAM retums to ambient 
temperature. This indicates that chains remain 
upright and remain bonded to their original 
sites, Under ordinary circumstances, alkane 
SAMs on Au desor to form the disulfide 
CHy4CHjeS-S4CHa)y-CHy at 175 40 225°C 
(9, 10), which displays enhanced methylene 
SFG transitions, so the unexpected stability of 
these SAMs at 800°C must be attributed 0 the 
brief duration of the temperature increase, 

We performed molecular simulations of a 
C16 SAM on Au (27 molecules with periodic 
boundary conditions) to better understand th 
‘mal disordering of the terminal methyl g1 
When the SAM was equilibrated at 300 K, 
the well-known (//) all-trans structure with a 
chain tilt of ~35° and a zenith angle (angle 
between surface normal and final C-C bond) 
of ~25° was obtained, The vjCHy transition 
has an IR transition dipole moment of mag- 


(<slt?>hig? 


1 
electrons in the Au skin layer, producing an gf°Cg ty = 7) ca ows 
ontilatng polaraation ia bom te Au and the segues ALN ny & 
SAM layers. At the same time, a picosccond- heating pues (blue) and x W VV! \) 0 oe 
duration $00-nm pulse (“visible”) with a band- with flash-heating to al v 0} 
width of 7 en" is incident on the sample. The 800°C (red). (B) VRF for | Sa te 
visible pulse interacts with this oscillating polar- a CB monolayer. (C) VRF_ Vas WIA E 
ization through coherent Raman scattering 19 fora C18 monolayer. = & | oS 0 
create a coherent output pulse atthe IR visible (Aad delay time (ps) 
frequency. This combined IR-Raman interaction var + Ne 
is forbidden (in the dipole approximation) in vy AN i A &] 
centrosymmetric media because the second- ° Wy cre 
‘onder susceptibility 2 vanishes in such media. 5 cr) u 
Because the methylene -CHy- groups of the Ran AAan) & gms) _s9 
alkane SAM form a nearly centrosymmetic KV WIA, ime 
solid, the SFG signal tat we observed originated y velo oa 
predominantly from the Au surface and the . uJ Ey 
terminal methyl -CHy groups. The well-known 2000 3000 = 2800 3000 0 5 0 18 20 
SFG spectrum obtained in ppp polarization (4), Sa nel emcenter gen} ony re 68) 
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nitude, yg, whichis parallel wo this final C-C 
bhond. Because polarized Raman scattering from 
4 mei group i not very sensitive to methyl 
covienaton, the SFG intensity of the ¥CHs 
transition would be expected to be approsimate- 
ly proportional t the square of the nonmalized 
ensemble-averaged IR tansition dipole moment, 
(3 ») ‘om As temperature 


was increased in the simulation, the methyl 
{groups became orientationally disordered, which 
decreased the magnitude of (y)*. As shown in 
Fig. 2B, the SFG intensity in the 300 K > T> 
(600 K regime ean be used as a molecular ther- 
mometer, and this molkcular thermometer is 
approximately 1.5 A thiek, the width of a single 
CH group, Above 600 K, SFG becomes in- 
ensitive to 7; in our experiments, this helped to 
‘out the effects of nonuniformity in laser 
“igure 2, A and C, shows how themmal 
isondering progresses afler a simulited ast 
temperature inerease to 1100 K. On the <I-ps 
time scale, the Iabile terminal methyl groups 
undergo orientational fluctuations. On the ~2-ps 
time scale, muhiple gauche defects are created 
below the surfiee (/2, 13), On a metal surface 
in ppp polarization, these gauche defects do 
not enhance methylene SFG intensities sig~ 

iticantly as Jong as the chains remain upeight 
2) 

Figure 3A shows a time series of SFG spoc- 
tra after flash-heating of the Au to 800°C for C8 
and C18 chains. SFG intensity loss is clearly 
faster with the shorter chains. The intensity-loss 
time dependence was similar forall Uhree methyl 
rational transitions, so we now consider only 
(Cl, the most intense transition. To quantify 
the intensity loss, we define a normalized vie 
‘brational response fumetion (VRF) (5. 13) as 


. 


Toa 30 

cha lang (om) 
(A) Dependence on chain length of the 
delay time fo between the flash-heating pulse and 
the arrival of the initial burst of heat at the 
methyl head groups. (B) Dependence on chain 
length of the time constant + for thermal 
‘equilibration between flash-heated Au and alkane 
chains, 
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VRQ) = (NTesa) ~ KOVUMToow) ~ Toor) 
where Areca) 6 BOTs eet Deere 
at ambient temperature and A(T) the intensity 
afier a few hundred picoscconds when Au and 
SAM have equilibrated. The VRFs for C8 and 
C18 chains are shown in Fig. 3, Band C, where 
denotes arrival ofthe flash-heating pulse. 
Near1= 0, there is a coherent artifact caused by 
interactions between the SFG pulses and the 
small portion of flash-heating pulse that leaks 
through the Au layer. This artifact is a fiducial 
time marker that locates ¢ = 0. For all alkane 
chains, the VRFs increased exponentially towant 
unity with time constant +. However, the VRF 
increase did not begin at ¢= 0. There was a time 
delay fo before this buildup. As a result of the 
delayed buildup, we fit the data to the function, 
VRFU)= 0 for t= fo and VRFW)= {1 expl-At 
10)/t}} for 1 fo. To extract the parameters fg andl 
from the data, we plotted n(/ — VRF) versus 1 
as in Fig. 3, B and C, and used linear least- 
squares fiting in the ¢ > fg region, The slope 
gave t, and the abscissa intercept gave fo. In 
Fig. 4. A and B, we plot f andr versus chain 
length. The chain length fi, based on conventional 
molecular bonding parameters (//), obeys the 
relation nm) = 0.127 n * O4, Both fo and 
increased linearly with chain kant. 

‘The delay time fo emenges from the ability of 
to selectively probe alkanes at the terminal 
methyl groups. The heat burst from the Au 
substrate travels along the chains, but only afer 
the keading edge of this heat burst reaches the 
terminal methyl groups does the SFG optical 
thermometer begin to register an effect. Thus, fy 
is interpreted as the time for heat to travel from 
the Au surfice to the ends of the alkane chains. 
The linear dependence of fo on chain length 
indicates that the leading edge of the beat burst 
‘propagates baltistically along the chains, and the 
slope of the data in Fig. 4A gives a velocity of 
0.95 (20.1) nips = 0.95 ks, 

‘The parameter + is the time constant for 
SAM thermal disordering. Our simulations 
with infinitely fast heating indicate that ther- 
mal disorder can be created in about 2 ps, 
much faster than observed values of t. Figure 
2B indicates that the VRF stops increasing 
after the SAM reaches a temperature of ~600 K. 
‘Thus we interpret as the time for a SAM in 
contact with a hot surface to attain temperature 
of ~600 K. 

{In Fig. 4, both fo and + go to zero ata finite 
chain length of ~0.8 nm, This indicates that the 
hhot Au layer does not transfer its heat to an 
individual atom at the base of the SAM, but 
instead Au transfers energy to a region at the 
‘base of the SAM 0.8 nm in kength, which is about 
four carbon segments. This result is in good 
agreement with the predictions of Segal et al. (3), 
Which find that the heatcanying vibrations of 
short-chain alkanes are delocalized over four Wo 
five carbon segments 

‘The linear dependence of + on chain length f 
is indicative of a heattransfer process. domi- 
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‘nated by interface thermal conductance (2, 14) 
In this case, heat transfer from Au to alkane 
chains is the rate-imiting step, the rate is 
controlled by the strength of coupling between 
‘Au phonons and alkane vibrations, and the 
imerface thermal conductance G = phy, 
‘where p is the SAM density and C, the SAM- 
specific heat. G is independent of chain length, 
but longer chains need more heat to reach the 
same temperature, so longer chains heat up 
more slowly. To estimate G, we need to correct 
the value of ¢ to account for the insensitivity of 
the SFG themometer above 300°C and to 
sstimate the specific heat Cp of the SAM layers 
up t0 300°C, as described in the support 
‘online material, Because t represents the time 10 
heat to 300°C, a fincar extrapolation would give 
the time to heat to 800°C as 2.8. We estimated 
an average specific heat Cy = 3000) Kr! Kt 
in the 25 10 300°C range, based on a high- 
temperature extrapolation of Jow-density_ poly 
sthylene data. Using the results in Fig. 4B, we 
obtained G = 220 (100) MW m? K*, This 
value of G is similar to what was previously 
cbained in studies of SAM-decorated nano- 
particles in aqueous solutions (15, 

‘The SFG probe technique can be seen to 
confer two important advantages, In the past 
thermal conductance measurements of SAMS 
‘were based on measuring heat flow across two 
interfaces (16, 17); the ability 10 probe the 
SAM itself climinates one interface, Even 
though the flow of energy into the SAM is de- 
termined largely by interface effects, the ability 
to selectively probe the atomic groups that 
‘inate the chains, rather than the thermal ex 
pransion of the entire chain (/8), allows us 10 
investigate energy transport through the chain 
molecules themselves. 

The quantum mechanical models of Nitzan 
and co-workers (/, 3) show that 700°C heat 
transport along alkane chains attached 10 a pair 
of metal electrodes involves molecular. vibra- 
tions ranging up to 1500 env’, The ballistic 
velocity of 1 km's for heat transport along 
alkane chains shoul! be understood as resulting 
‘not from acoustic phonons, which in poly- 
thylene propagate at ~2.3 knvs, but instead 
fiom a mix of intramolecular vibrations. with 
slower velocities. The calculated values of ther- 
smal conductances at 700°C (3) were found to be 
approximately chain-length independent for 1 > 
7 and slightly less than 100 pW K-!, Using our 
value of G and an area per alkane chain of. 
10° m? (1), we obtain a single-molecule ther 
smal conductance of 0 pW K1=03 eV ns. 
‘Thus, our measurements are in good agreement 
‘with quantum mechanical calculations that pre- 
cxded our work. 
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Direct Synthesis of Amides 
from Alcohols and Amines 
with Liberation of H, 


Chidambaram Gunanathan, Yehoshoa Ben-David, David Milstein” 


Given the widespread importance of amides in biochemical and chemical systems, an efficient 
synthesis that avoids wasteful se of stoichiometric coupling reagents or corrosive acidic and 
basic media is highly desirable. We report a reaction in which primary amines are directly 
acylated by equimolar amounts of alcohols to produce amides and molecular hydrogen (the 
‘only products) in high yields and high turnover numbers. This reaction is catalyzed by a 
ruthenium complex based on a dearomatized PNN-type ligand [where PNN is 2“di-tert- 
butylphosphinomethyD-6-(iethylaminomethyOpyridine], and no base or acid promoters are 
required. Use of primary diamines in the reaction leads to bis-amides, whereas with a mixed 
primary-secondary amine substrate, chemoselective acylation of the primary amine group takes 


place. The proposed mechanism involves dehydrogenation of hemia 


intermediates formed 


by the reaction of an aldehyde intermediate with the amine. 


‘mide formation is fandamental reaction 
A n chemical synthesis (/). The impor- 
ance of amides in chemistry and biology 
is well recognized and has been studied exten= 
sively over the pust century (2-4). Although 
several methods ane known for the synthesis of 
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Science, Rehovot 76100, Israel. 
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1, Structure of dearomatized PNN pincer 
complex 2. 
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amides, preparation under neutral conditions and 
Without the generation of waste isa challenging 
goal (1, 5), Synthesis of amides is mostly based 


Fig. 2. Proposed mecha- 
riism for the direct acyla- 
tion of amines by alcohols 
catalyzed by complex 2. 


‘on activated acid derivatives (acid chlorides and 
anhydrides) or rearrangement reactions induced 
bby an acid or bass, which often produce toxic 
chemical waste and involve tedious procedures 
(3), Transition metal-catalyzed conversion of 
nitriles into amides was reported (6-8), Ca 
Iytic acylation of amines by aklchydes in the 
presence of a stoichiometric amount of oxidant 
anda base is known (9, 10), Recently, oxidative 
amide synthesis was achieved from terminal 
alkynes (//). Cu()}catalyzeu reaction of sulfonyl 
avises with terminal alkynes is a facile method 
for the synthesis of sulfonyl amides (12, 13). A 
desirable goal isthe direct catalytic conversion of 
alcohols and amines into amides and dihydrogen 
(Eq. 1) 


tat, 8 
Weaken 


RNHCOR + 213 a 


RONH, + RCHLONL 


This unknown, environmentally b 
(14-18) might lead to a diverse library of amides 
fiom very simple substrates, with high atom 
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economy and no stoichiometric activating agents, 
generating no waste. Although such a reaction is 
‘expected to be thermodynamically uphill, it is 
envisioned that the liberated hydrogen gas 


(valuable in itself) will sift the equilibrium and 
drive the reaction. 

We recently reported the dehydrogenation 
of alcohols catalyzed by 2,6-bis-(di-tert- 


Table 1. Direct dehydrogenative acylation of amines with alcohols catalyzed by the ruthenium complex 
1, Catalyst 1 (0.01 mmol, alcohol (10 mmol), amine (10 mmol), and toluene (3 mO were refluxed 


lunder Ar flow (33). Conversion of alcohols was 100% [by gas chro 
following reaction illustrates the transformation: R*CH,OH + R-NH, 


(GO) analysis). The 
ain RPNHCOR? 


Enty HON went, ime, Amide = 
4 ore Pr Ney ri wn % 
ae ee wmpr ” 
3 On PH, ‘ yen 9 
; yoo PrN, * ores aot 
oe Im Cun ai 


6 

NH 
oe) Co 
; PA nn 
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“lated yields. "The emaining alcohol wos converted ite the comeiponding ester, n the reactions involving hexanal aed 
pertanol, trace amounts ofthe corresponding secondary amines were detected (GC-massspecrometny). 
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butylphosphinomethy)pyridine (PNP) Ru(ll) 
and PNN-Ru(ll) hydride complexes(/9). Where- 
as secondary alcohols lead 10 Ketones (20, 21), 
Primary alcohols are efficiently converted into 
esters and dihydrogen (/9-2/), The dearoma- 
tized PNN pincer complex 1 (Fig. 1) is particu- 
larly efficient (19, 22; it catalyzes this process 
in high yields under neutral conditions, in the 
absence of aceepiors or promoters, We have 
now discovered that complex 1 catalyzes the 
reaction of alcohols with amines to form 
amides and H, leading to a variety of amides 
(Table 1). 

At the outset, when a toluene solution of 
complex 1 (0.2 mole percent) with benzylamine 
and I-hexanol (11 ratio) was refluxed in aclosed 
system for 6 hours, 63% conversion of I-hexanol 
to A-benzylhexanamide was observed. Conti 
luing the reaction up to 40 hours resulted in a 
mixture of products. In order to facilitate for 
mation of the product amide by hydrogen 
removal, we heated |-bexanol and benzylamine 
with complex 1 (0.1 mol %) under a flow of 
‘argon in refluxing toluene for 7 hours. This setup 
resulted in the formation of N-benzy hexanamide 
in 96% yield and a trace of N-benzybhexyl-l- 
amine (1%), We observed no formation of hexyl 
hexanoate, which forms quantitatively inthe 
absence of amine (Table 1, entry 1), Repeating 
the reaction with I-pentanol under identical 
conditions led to selective dineet_amida 
providing \-benizyIpentanamide in 97% yield 
(Table 1, entry 2), 2-Methoxyethanol underwent 
clean dehydrogenative acylation by reaction with 
the primary amines benzylamine, pentylamine, 
and eyclohexylamine to give methoxy=aeetylated 
amides in almost quantitative yields (Table 1, 
entries 3, , and! 10), 

‘The amidation reactions are: 
hindrance at the a positions of 
for the amine, Thus, when 2-methylt-butanol 
reacted with benzylamine, the corresponding 
amide was obtained in 70% yield, with the rest 
of the alcohol being converted 0 the ester 2- 
‘methylbuty! 2-methylbutanoate (Table 1, entry 


8 8 sat 
RCHOH 
x “els 
~~ 
* re * RCH;OH RCHNH, 
a) ® 
oH 
2 FATA @ @ B 
ROR wae | 
A 1|42 1| 4 
» OF ” ° 
° BOR: I 
as eae il 
Scheme 1. 
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Table 2. Bis-acylation of diamines with alcohols catalyzed by complex 1. Catalyst 1 (0.01 mmol, 
cohol (10.5 mmol), diamine (5 mmol), and toluene (5 mU) were refluxed under Ar flow (33). 


Entry Diamine fsa Bis-amide bn 
sorplapio. 
1 Ethylenediamine ° SN * 
wh 
2 8 y y 88 
AUN 
3 Hexamethylenediamine 9 Wy y 5 


4). similar pattem was also observed when 2- 
mthylhexytamine reacted with hesanol, leading 
to 72% yield of the corresponding amide (Table 
| entry 9), 142-Furybmethylamine provided 78% 
‘Yield of amide when it wacted with |-hexanol 
ble 1, entry $), When aniline was subjected 10 
acylation with I-pentanol, the amide was ob- 
tained in $8% yield (Table 1, entry 7), The lower 
reactivity of aniline may be attributed to its 
ower nucleophilicity as compared with that of 
the alkylumines. Secondary amines do not react 
Thus, heating dibenzylamine with I-hexanol 
under the experimental conditions resulted in a 
‘quantitative yield of hexyl hexanoate (Table 1, 
enitty 6) 

We have also examined the scope of this 
method with respect 1 bis-acylation processes 
\ith diamines. Upon refluxing a slight excess of 
41 primary alcohol and catalyst 1 with diamines 
(500 equivalents relative to catalyst 1) in toluene 
under argon, we produced bis-amides in high 
ls. Thus, reaction of 2-methoxyethanol with 
wlenediamine, and I-hexanol with hexa- 
methylene diamine, resulted in quantitative yields 
‘of the corresponding bis-amides (Table 2, entries 
1 and 3). The high selectivity of the dehydrogen- 
ative amidation reaction to primary amine func- 
tionalities enabled the direct bis-acylation of 
dicthylenetriamine with I-hesanol to provide the 
bivamide in 88% yiekd without the need to 
protect the secondary amine functionality (Table 
2, entry 2), 

‘The direct acylation of amines to amides with 
Hy liberation may in principle proceed in two 
ways, as shown in Scheme 1: ("a") dehy- 
rogenation of the alcohol to the akichyde 
{ollowed by its reaction with a primary amine to 
form a hemiaminal that is subsequently dehydro 
‘genated to the amide and (b") formation of 
hemiacetal (from the aldehyde and alcohol) that 
is subsequently dehydrogenated to the ester (/9), 
Which reacts with the amine to form the amide 
(23), The latter possibility was ruled out because 
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refluxing a toluene solution of hexyl hexano 
1.25 mmol) and benzylamine (2.5 mmol) under 
argon for 8 hours, either in the presence oF 
absence of catalyst 1, did not result inthe 
formation of N-benzylbexanamide. Thus, the 
reaction probably proceeds via the hemiaminal 
pathway 

On the basis of the above results and the 
known chemistry of PNN-type and PNP-type 
pincer complexes (9, 22, 24), we tentatively 
[propose the mechanism depicted in Fig. 2. After 
a catalytic cycle for dehydrogenation of the 
alcohol to the comesponding akichyde, reaction 
With the amine can form the hemiaminal B, 
\which (upon reaction with complex 1) can lead to 
the aromatic intermediate C. +11 elimination 
from C can form the observed product amide and 
‘generate the known srans Ru dihydride complex 
2 (19, 22). Elimination of dihydrogen from 
complex. 2 (/9, 22) would regenerate catalyst 
1, completing the catalytic cycle. The dehy 
drogenation of the hemiaminal B to the amide 
prevails relative to the expected facile water 
climination 10 give an imine, which on hydro- 
genation woul! provide the secondary amine 
(25-27), that. was observed in our system only in 
trace amounts. 

‘These results highlight the substantial scope 
for the preparation of the fundamental amide 
‘motif by direct acylation of amines with alcobols, 
\Which is a clear departure from the conventional 
synthetic procedures. 
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‘A high-resolution deuterium profile is now available along the entire European Project for Ice 
Coring in Antarctica Dome C ice core, extending this climate record back to marine isotope stage 
20.2, ~800,000 years ago. Experiments performed with an atmospheric general circulation 
model including water isotopes support its temperature interpretation. We assessed the general 
‘correspondence between Dansgaard-Oeschger events and their smoothed Antarctic counterparts for 
this Dome C record, which reveals the presence of such features with similar amplitudes during 
previous glacial periods. We suggest that the interplay between obliquity and precession accounts 


for the variable 


the European Project for lee Coring. in 
"Tis ee 

deep ice cores in East Antarctica, one 
(EDC) at Dome € (7), on which we focus here, 
and one (EDML) in the Dronning Maud Land 
area (2), The Dome C drilling (fig. Stand 
supporting online material (SOM) text] was 
stopped at a depth of 3260 m, about 1 m above 
the bedrock. A preliminary low-resolution 8D 
record was previously obtained from the sur- 
face down to 3139 m with an estimated ag 
at this depth of 740,000 years before the 
present (740 ky B.P), corresponding to marine 
isotope stage (MIS) 18.2 (/). Other data, such as 
train radius, dust concentration, dielectric 
profile, and electrical conductivity, as well as 
chemical data (3), are available down to this 
dopth, and analyses of the entrapped air have 


extended the greenhouse gas record —ie., COs, 
Clg, and NO-—back to MIS 16, ~650 ky BLP. 
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tensity of interglacial periods in ice core records. 


We completed the deuterium measurement 
Dye. at detailed resolution from the surface 
down to 3259.7 m, This new data set benefits 
from a mone accurate dating and temperature 
calibration of isotopic changes based on a series 
‘of recent simulations performed with an up-to- 
date isotopic model. In tum, this very detailed 
Antarctic surface temperature record sheds light 
fon climate analyses in four ways: (i) It allows, 
refiable extension of the climate record back 10 
MIS 202 (-800 ky B.P); (ii) it resolves. An 
arctic millennial variability over eight suocessive 
itlacial periods; (it) it allows quantifiable com- 
parison of the strengths of the successive inter- 
stlocial and glacial perils: and (iv) the improved 
time scale allows more accurate investigation of 
the links between Antarctic temperature and 
orbital forcing 

This detailed and continuous Se profile is 
shown as a function of time in Fig. 1 and on a 
depth scale in figs. S2 and $3. For our analysis, 
we adopted a more precise time scale (SOM 
tex), in which EDC3 has a precision of =5 ky 
‘on absolute ages and of =20% for the duration 
‘of events (6, 7). This scale clearly indicates that 
the Antarctic counterpart of MIS 13.1 was too 
long by about a factor 2 in EDC2 (2), as already 
suggested from the comparison with the deep- 
sea core record (8), whereas the scale confirms 
the long duration of MIS 11.3 (D. 

The deep-sea benthic oxygen-I8 record (8) 
and the 8De Dome C record are in excellent 
‘overall agreement back to ~800 ky BLP. (MIS 
20.2}, which suggests that our extended EPICA 
Dome C record now entirely encompasses wlacial 
stage MIS 18 and innlacial MIS 19. This 
agreement does not hold true forthe earlier part of 
the record below ~3200 m, and we have strong 
anguments that the core stratigraphy has been 
disturbed over its bottom 60 m (SOM text). In 
contrast, the stratigraphic continuity of the recon 
above ~3200 m is supported by all available data, 
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including preliminary COz and CH, measure- 
‘ments performed along the transition between 
MIS 20.2 and 19 (SOM text), We are thus con- 
fident that the Dome C 8D recon! provides an 
~800-4y-od reliable climatic record, 

Results derived from a series of experiments 
performed with the European Centre Hamburg 
Mode! General Circulation Model implemented 
with water isotopes (Y) for different climate 
stages (SOM text allowed us to assess the Val 
of the conventional imempretation of ice core 
isotope profiles (6D or 60) from inland Antare- 
tica, in terms of surface temperature shits (lig. $4) 
We inferred thatthe change in surface temperature 
(a7) range, based on 100-year mean values, Was 

15°C over the past $00 ky, from -10.3°C for the 
coldest 100-year interval of MIS 210 *4.5°C for 
the warmest of MIS 5.5 (Fig. 2). Despite some 
dliferences, the three long East Antarctic isotopic 
cords, Dome C, Vostok (J, 12), and Dome F 
show a very high keel of similarity over their 
‘common pat an the EDC temperature record is 
expected to be representative of East Antarctica 
Al glacial stages before 430 ky BLP. are warner 
than MIS 2, by ~1°C for MIS 12, 16 and 18 and by 
2°C fir MIS 14 (Fig, 2) 
‘ the carly interglacial periods, 
‘now including MIS 19, were characterized by 
Jess pronounced warmth than those of the past 
four climatic cycles (1), Whereas peak temper 
tures inthe warm interglacial of the later part of | 
the record (MIS 5.5, 7.5, 9.3, and 11.3) were 2°10 
45°C higher than the last millennium, maximum 
temperatures were ~1° to 1.S°C colder for MIS 
13, 15.1, 15.5, and 17, reaching levels typical of 
interstadials, such as 7.1 and 7.3. MIS 19 shows 
the warmest temperature for the period before 
Ty (~-0.5°C), For MIS 11 to MIS 17, with the 
exception of MIS 15.1, peak warmth occurred 
at the end of the warm periods in contrast with 
the more recent interglacials for which earlier 
peak warmth was typical (Fig. 2) 

Although isotopic records fom Antarc 
do not exhibit the rapid and large climate vari- 
ability observed in Greenland records for the so- 
called! Dansgaard-Ocschger (DO) events of the 
last glacial period (/3-15), they clearly exhibit 
tillennial-scale variability with muted and more 
symmetrical events. Synchronization based on 
2s indicators unambiguously showed that lange 
DO events have Antaretic counterparts (/6, 17), 
and there were indications that shorter events 
also have such counterparts both from Vostok 
and Dome C cores (/8-20) 

The recent high-resolution EDML isotopic 
profile over the last glacial period has unambig- 
‘vously revealed a one-to-one comespondence be- 
‘ween all these Antarctic Isotope Maxima (AIM) 
and DO events (2), which with a few exceptions, 
holds true for the EDC core over the entire last 
lacial period back to DO 25 (Fig. 2 and fig. SS). 
‘AtDome C. the typical amplitude of langer events 
is -2°C. much lower than for comesponding DO 
‘wannings in Greenland, which are often larger 
than 8°C and as high as 16°C (21, 22). 
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Although some AIM events are more prominent 

one of the two EPICA sites (ig, SS), they record 
millennial variability of comparable magnitude 
(SOM text), despite the fact that EDML is 
situated in the Atlantic sector whereas Dome C 
is facing the Indo-Pacific Ocean. Atmospheric 
circulation and/or efficient circumpolar oceanic 
‘currents can contribute to distribute such climatic 
signals around Antarctica. This detailed compar- 
ison between EDC and EDML records further 
‘supports the thermal bipolar seesaw hypothesis 
(23), which postulates that abrupt shutdowns and 

tations of the Atlantic meridional overtuming 
circulation produce slow warmings and cooking 
the Southem Ocean and Antarctic region, 

Our record exhibits quite similar millennial 
climate variability during the past three glacial 
Periods, in terms of both magnitude and pacing 
(lig. SS), suggesting this wats abso the ease in the 
Nonth Atlantic, as indicated by sediment data 
4) and inferred from CH, eta from Antarctic 
cons (5, 25). Our lower temporal resolution 
prevents clear detection of small AIM for earlier 
glacial, but the amplitude of large AIM, thus 
presumably of lange DO events, does not appear 
to be substantially influenced by the smaller 
extent of Northem Hemisphere ice sheets before 
Termination V, In particular, a very well featured 
sequence is displayed by the additional cycle 
provided by the extension of the core from 740 
and 800 ky BLP. (Fig. 2 and fig. SS) with three 
welhmarked oscillations that have not yet fad 
counterparts identified in the MIS IX ocean 
record (8). Finally, our record shows that during 
each glacial period, AIM events appear once 
Antarctic temperatures have dropped by at kast 
4°C below late Holocene temperature (Fig. 2). 
We suggest that decreases in Antaretic temper- 
‘ature over glacial inception modified the forma- 
tion of Antarctic bottom waters and that the 
associated reorganization in deep ocean citcula- 
tion is the key forthe onset of glacial instabilities 

Obliguity changes were previously invoked 
to explain the change in amplitude between gh- 
and interglacial periods at the time of the 
Mid-Brunhes Event (MBE), ~430 ky B.P. (/), 
This key characteristic of the EDC 8D record is 
now fully supported by our 800-ky detailed 
Temperature record and is improved EDC3 time 
scale (Fig. 3), Dominated by a periodicity of 
~100 ky. the power spectra of AT; (fiz. S6) also 
reveal a strong obliquity component and point 
to the influence of the precession, atleast for 0 
to 400 ky. The relative strength of the obliquity 
and 100-4y components increases when going 
from past to present, which is consistent with the 
increasing amplitude of obliquity variations over 
the past 800 ky due to a 1.2-million-year modula- 
tion (26) The 40-ky component is particularly 
strong, accounting for one-thind (43°C) of the 
total range of temperature in the 8O0-ky record 
(Fig. 3), Also noticeable are its strong coherency 
With 65°. summer insolation in the obliquity 
range (0.97) and its substantial ~S-ky lag with re- 
spect to obliquity (ig. $7). 
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Internediate-complexity climate models in- 
deed capture a high-latitude signature in annual 
can temperature in response to extreme contfig- 
urations of obliquity, albeit half of that observed 
here (27). With respect to the strong linear rela- 
tionship between 8D and obliquity, the link may 
be local insolation changes, which at 75°S vary 
bby ~8% up to 14 Win? (28), Such changes in 
hhigh-tatitude insolation may be amplified by as- 
sociated changes in heat and moisture transport 
in the atmosphere (including water vapor and 
sea-ice feedbacks at high Ittudes). They can thus 


‘generate changes in the density of ocean surfice 
‘waters and therefore in ocean thermohaline ci 
culation; such processes involve deep ocean heat 
Storage With constants of millennia, Notably, the 
obliquity components of temperature recorts 
fiom the tropical Pacific and from Antarctica are 
in phase (29) within age scale uncertainties. They 
are thus in phase with the mean annual insolation 
at high latitude but out of phase with the oblig- 
component of the mean annual insolation 
in the tropics, This indicates that_ mechanisms 
transferring the high-latitude effect of obliquity 


Fig. 1. Comparison of 
‘the 6D Dome C record on 
the EDCS time scale (ith 
all data points in. light 
gray and a. smoothed 
‘curve in black) with the 
benthic oxygen-18 record 
(Cdue) on its own time 
scale (8), The 3259.7-m 
8D record, which includes: 
published results down to 
788m (3M, benefits from 
‘an improved accuracy . 
to of + 0.5%) and a 
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much more detailed resolution of 55 cm all along the core, whereas the previously published record was based! 
‘on 3.85-m samples (1) The agreement between the two time series back to ~800 ky B.P. justifies the use of 
‘oceanic sediment nomenclature (MIS) for describing the ie core record. 


ntact Temperature 
‘Change (0) 


Fig. 2. Dome C temperature anomaly as a function of time over the past 810 ky. Back to 140 ky B.P., we 
report 100-year mean values, whereas for earlier periods (middle and lower traces), AT, is calculated from 
(0.55-m raw data; a smooth curve using 2 700-year binomial iter is superimposed on this detailed record, 
In the upper trace (which is plotted on a more highly resolved time axis), we show the correspondence 
betiween the DO events as recorded in the North Greenland Ice Core Project isotopic record (2, 25) and 
‘AIM events recorded in the EDC temperature record during the last glacial period and the last 
deglaciation. We have indicated the successive MIS, and the transitions are labeled from 7; to Tix. 
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toward the tropics may involve changes in heat 
export trom the topics. 

Our EDC ice core shows no indication that 
«greenhouse gases have played a key role in such a 
coupling. Notonly does the obliquity component 
of the radiative forcing—calculated accounting 
for both CO and CH changes (30)—have 3 
sana amplitude over the past 650 ky (-0.5 Win?, 
Fig. 3) but it also seems to lag Antarctic and 
twopical temperature changes. Nor ean this in- 
phase temperature behavior be explained by local 
insolation, given that this parameter is in anti- 
phase between kw and high latitudes, Rather than 
assuming that this is caused by greenhouse coup 
ing, we suggest that itresuts fiom tansfer of the 
high-latitude obliquity signal 1 the tropics 
Unough rapid processes involving atmospheric 
circulation oF intermediate oceanic waters, possi 
bly linked, as documented from present-day eli- 
mates 37) and examined for past climates (32), 
With changes in sea-ice around Antarctica, The 
amplitude of the radiative greenhouse forcing, 
however, is very important in the 100ky band 
(-25 Win? comparable to the additional green- 
house forcing. due to anthropogenic activities) 


This points to a strong carbon-cycle feedback 
involved in the magnitude and possibly duration 
of ice ages (33) and to a global character of the 
Antarctic temperature record, 

‘One key question in this frequency band con- 
ccems the relative role of the different orbital 
‘parameters in driving tenminations. Some authors 
Suggest that terminations occur at multiples of 
obliquity (34, 35) or precession cyeles (36). The 
latter includes the insolation canon hypothesis 
that calls upon the interplay of precession and 
‘obliquity with considerations of total energy input 
and threshold effects (37). With our current age 
scale, the insolation canon approach works well 
for T; to Try but not for earlicr terminations. We 
support the view of combined effects of preces- 
sion and obliquity in driving ice age dynamics but 
suggest that the rok: of obliquity is underesti- 
mata by this approach [c.. high-latitude insola- 
tion shouk! not be considered for mid-month but 
integrated over several months (35). 

The strength of interplacials is highly varia- 
bbe along the recond. We suguest that this varia 
tion results from an interplay between obliquity 
and precession (Fig 3). When 65°N summer 
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Fig. 3. (A) Precession parameter displayed on an inversed vertical axis (black line). (B) EDC temperature 


[solid 


1, rainbow colors from blue (cold temperatures) to red (warm temperatures)] and its obliquity 


‘component extracted using a Gaussian filter within the frequency range 0.043 + 0.015 ky" [dashed red 
line, also displayed in (D) as a solid red line on a different scaling). Red rectangles indicate periods during 
which obliquity is increasing and precession parameter is decreasing. (C) Combined top-of-atmosphere 
radiative forcing due to COs and CH (solid blue) and its obtiquity component [dashed blue, also displayed 
‘in (D) a5 a solid blue line on a different scaling (D) Obliquity (slid black tine), obliquity component of 
EDC temperature (red line), and obliquity component of the top-of-atmosphere radiative forcing due to 
(C02 and CH (blue). Insolations were calculated using the Analyseries software (39). 
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insolation (or the inverted precession parameter) 
and obliquity changes peak in phase (within ky), 
their combined effects induce strong interglacial 
periods (MIS 1, 5,9, 11 and 19), When they are 
in antiphase, compensating eflects induce weak 
interglacial intensities (MIS 13, 15, 17, and 7.3), 
Inthis fine, we calculated for each interglacial the 
cumulative warmth defined with respect to a 
temperature threshold: we then explored the rela- 
tionship between this index and insolation, This 
analysis accounts for the fleets of both preces- 
sion (in the timing of glacial-intenglacial tran- 
sitions) and obliquity (Uhrough the mean annual 
hhigh-latitude insolation), The most robust result 
is obtained when comparing the cumulative 
‘warmth with the cumulative high-tatitude insola- 
tion (above its average value and taking into 
saccount the phase lag of $ ky). Whereas for small 
changes in insolation, thee isno lear relationship 
between these two, a linear relationship is ob 
served when the cumulative insolation is larger 
than ~1700 Guin? (fig. S8), In tum, we suggest a 
causal fink between the change of amplitude 
dobserved in the EDC temperature record and the 
‘modulated amplitude of obliquity, 

Our new high-resolution Antarctic climate 
record is able to resolve systematic long-term as 
‘well as millennial changes over the past $00,000 
years, Whereas the former may’ be controlled by 
local insolation changes largely induced by the 
obliquity eyele, the later are indiced by changes 
in North Atlantic deep water formation through 
the thermal bipolar seesaw, Clearly shown for the 
last glacial eyee, this i also suggested for earlier 
slacial periods. Overall, our Antaretic temper- 
ture record points to an active role for high 
southern latiudes in the dynamics of climate 
change both at orbital and millennial tine sea 
rather than 40 a picture of these polar regions 
simply recording variability originating from 
other parts of the climate system, This clinvate 
record will now serve as a benchmark for € 
ploiting the many properties that are, or will be 
the near future, measured on the Dome C co 
both in the ice (elemental and isotopic com- 
position of dust and of chemical compounds) and 
in the gas phase (records of greenhouse gases, 
clher atmospheric compounds, and ther isotopic 
signatures). 
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Improved Surface Temperature 
Prediction for the Coming Decade 
from a Global Climate Model 


Doug M. Smith,* Stephen Cusack, Andrew W. Colman, Chris K. Folland, 


Glen R. Haris, James M. Murphy 


Previous climate model projections of climate change accounted for external forcing from nati 


‘and anthropogenic sources but did not attempt to predict internally generated natural variability, 
‘We present a new modeling system that predicts both internal variability and extemally forced changes 
‘and hence forecasts surface temperature with substantially improved skill throughout a decade, 

both globally and in many regions. Our system predicts that intemal variability will partially offset the 
anthropogenic global warming signal for the next few years. However, climate will continue to warm, 
with at least half of the years after 2009 predicted to exceed the warmest year currently on record. 


over the coming century in response to 
hanes in radiative Foreing arising from an- 
Uopogenic emissions of greenhouse gases and 
aicrovols (I), There is, however, panicular in- 
terest in the coming decade, which represents 
key planning horizon for infrastructure upgrades, 
insurance, enerey policy, and business develop- 
mate could be dom- 


I is very likely that the climate will warn 


unforced natural changes 
such as El Nifio, fluctuations in the thermo- 
haline circulation, and anomalies of ocean heat 
‘content. This could lead to short-term changes, 
especially regionally, that are quite different from 
the mean warming (3-5) expected over the next 
century in response to anthropogenic forcing, 
ealized studies (6-12) show that some aspects 
Of intemal variability could be predictable several 
‘years in advance, but actual predictive skill as- 
sessed ayainst real observations has not previ- 
‘ously been reported beyond a few seasons (3), 
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Global climate models have been used to make 
predictions of climate change on decaal (/4, 15) 
‘or longer time scales (4, 5, 16), but these only 
accounted for projections of extemal forcin 
neglecting initial condition information needed 
to predict internal variability. We examined the 
potential skill of decadal predictions using the 
newly developed Decadal Climate Prediction 
System (DePreSys), based on the Hadley Centre 
Coupled Model version 3 (Had M3) (77), a dy 
namical global climate motel (GCM). DePreSys 


(U8) takes into account the observed state of 


the atmosphere and ocean in onder to predict 
internal variability, together with plausible 
changes in anthropogenic sources of greenhouse 
gases and aerosol concentrations (/9) and 
projected changes in solar imadiance and vol 
ccanic aesol (20) 

We assessed the accuracy of DePreSys in a 
set of 10-year hindeass (27), starting fiom the 
first of March, June, September, and December 
from 1982 to 2001 (22) inclusive (80 start dates 
in total, akhough those that project into the fie 
ture cannot be assessed at all lead times), We 
also assessed the impact of inital condition in- 
formation by comparing DePreSys against an 


additional hindeast set (hereafler refered t0 as 
Nodssim), which is identical to DePreSys but 
doesnot assimilate the observed state of the 
atmosphere or ocean, Fach NoAssim hindast 
consists of four ensemble members, with initial 
conditions at the same SO start dates asthe 
DePreSys hindeasts taken from four independent 
transient integrations (3) of HadCM3,_ which 
covered the period fiom 1860 0 2001 (78), The 
vAssim hhindcasts sampled a range of initial 
siates of the atmosphere and ocean that were 
‘consistent with the intemal variability of HadCM3 
‘but were independent of the observed state, In 
contrast, the DePreSys hindcasts were initialized 
bby assimilating atmosphere and ocean observa 
tions into one of the transient integrations (78), 
In onder to sample the eflects of ertr growth 
arising from imperfect knowledge of the ob- 
served sate, four DePreSys ensemble members 
‘were initialized from consecutive days: pre- 
ceding and including cach hindeast start date 
23). Fig. St summarizes our experimental 


tems ofthe Foot mean square err (RMSE) (24) 
of the ensemble average and tested for differ- 
«ences over our hindeast period between DePreSys 
and NoAssim that were unlikely to be accounted 
for by uncertainties arising fi 
bbe size and a finite number of validation points 
(U8), We found that global anomalies (25) of | 
annual mean surface temperature (7) were pre- 
dicted with significantly more skill by DePreSys 
than by NoAssim throughout the range of the 
hhindcasts (compare the solid red curve with the 
blue shading in Fig, 1A). Averaged over all 
forecast lead times, the RMSE of global annual 
mean 7, is 0.132°C for NoAssim as compared 
with 0.105°C for DePreSys, representing a 20% 
reduction in RMSE and a 36% reduction in 
ceor variance (E), Furthermore, the improve- 
ment was even greater for multiannual means: 
For S-year means, the RMSE was reduced by 
38% (a 61% reduction in E), from 0.106°C to 
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(0.066°C: and for 9-year means, the RMSE was 
reduced by 49% (a 74% reduction in E), from 
0.090°C to 0,046°C 

Because the internal variability of the atmo- 
sphere is essentially unpredictable beyond a 
‘couple of weeks (26), and the extemal forcing in 
DePreSys and NoAssim is identical, differences 
in predictive skill are very likely to be caused by 
ferences in the initialization and evolution of 
the ocean, During 600 years of the HadCM3, 
control integration 7, is highly correlated (comre- 
lation & = 0.89) with wlobal annual mean ocean 


ae 


Fig. 1. Impact of initial conditions on hindcast 
skill, (A) RMSE (24) of globally averaged annual 
mean T, anomalies (relative to 1979-2001) as a 
function of forecast period, We compare DePreSys 
Golid red curve) with the NoAssim hindcasts fthe 
blue shading shows the 5 to 95% Cl region where 
differences between DePreSys and NoAssim are 
‘not significant (18)]. The dashed red curve shows 
the effec of removing from the DePreSys hindcasts 
differences between DePreSys and NoAssim that 
are linearly attributable to the state of El Nino. 
‘The dotted red curve shows the effect of removing 
from the DePreSys hindcasts the mean difference 
between DePreSys and NoAssim hindcasts of 7, for 
the coming 9 years. Observations are taken from 
the HadCRUT2VOA data set (36-38). (B) As (A), 
but for H (relative to 1941-1996). Observations 
‘of H are computed from analyses of ocean tem- 
perature observations (39). (C) Time series of rol- 
‘ng decadal mean global anomalies (relative to 
1941-1996) of H from observations (39) and the 
{our transient HadCM3 simulations (models 1 to 4) 
(3) that provided initial conditions for the NoAssim 
hindcasts. Values are plotted annually, with the 
year representing the mean of the nest 10 years. 
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heat content in the upper 113m (H). Fusther- 
more, the correlation is higher when H leads T, 
by | year (R = 0.56) than when T, leads H by 
1 year (R = 0.32), providing strong evidence 
that variations in A can force T,. We also find 
that H is predicted with significantly more skill 
bby DePreSys than by NoAssim (Fig, 1B), and we 
conclude that the improvement of DePreSys 
‘over NoAssim in predicting 7, on interannual-to- 
ddocaal time scales results mainly from inital 
ing upper ocean heat content, 

We now examine the factors that control the 
predictability of Hand 7, on annual-to-decadal 
time scales. Time series of hindcasts of T, for 
1 year ahead (Fig. 2A) show that both DePreSys 
and NoAssim capture the observed general 
‘warming trend, but the interannual vanability 
of Ty is predicted better by DePreSys (detrended 
RMSE = 0,066°C) than by NoAssim (detrended 
RMSE = 0.094°C). A statistical forecast metho 
(28) is also able to capture the tend and ine 
terannual variability of 7, for the coming year 
{green triangles in Fig. 2A), The statistical metho! 
accounts for interannual variability using. pre 
dictors based on the state of El Nifio and recent 
vokanic activity. Voleanic a 
the difference between DePreSys and NoAssim 
‘because both include forcing from volcanic aero 


Fig. 2. Time series of hindcast =A 
and observed anomalies (relative 

10 1979-2001) of globally aver- 
aged surface temperature. (A) 
Hindcasts ofthe frst annual mean 
orecast period of 1 year) com- 
pared with observations from 
HadCRUT2VOA (back curve). Roll- 
‘ng annual mean observations and 
DePreSjs. and. NoAsim hindcasts 
are plotted seasonally from March, 
June, September, and December, 
Statistical hindcasts are plotted 
each January. The C27) (ed = B 


o.4f Observations —DoPraSys——_NoAssim 
oe r 
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sol in the same way. We assess the impact of EL 
Nitto on the difference between DePreSys and 
VAssim as follows, From the transient HadCM3 
simulations, we compute linear regression co- 
efficients that relate the state of El Nifio, as 
measured by SST in the Niio3 region (210° to 
2N°E, S°S to S°N), to T. Using these 
‘vetficients, we compute the contsibution 10 T, 
fiom El Nifo for each DePreSys and NoAssi 
hindcast and remove the diflerence fiom the 
DePreSys hindcasts, We find that the inereased 
skill of DePreSys over NoAssim is consistent 
‘with an improved ability to predict EI Nifio 
the first 15 to 18 months, but not at longer ke 
times (compare the dashed red curve with the 
blue shading in Fig. 1A). 

The hindeasts for year 9 capture the ob- 
served mean wamning but not the interannual 
Variability (Fig, 2B), This is expected because 
the main factors governing interannual yatiabil 
ity, namely El Nino and volcanic eruptions, a 
thot predictable at this lead time. The 9% 
confidence limits (27) diagnosed from the 
ensemble spread (red shading) generally capture 
the observations [supporting online material 
(SOM) text and fig. SS}, apart fom the cooling 
alter the eruption of Mount Pinatubo (28), This 
is unavoidable unless voleanie eruptions ean be 


7 


shading) is diagnosed from the 
standard deviation ofthe DePresys 
ensemble, assuming a t disribu- 
tion centered on the ensemble 
mean (white curve). Only the 
‘ensemble mean is shown for the 
NoAssim hindcasts (blue curve). 
The mean uncertainty in the 
observations is +0.056°C (5 to 
95% Cl range). (B) As (A), but 
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for year 9 of the hindcasts. (C) 
As (A), but for the first 9-year 
mean of the hindcasts. c 
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predicted, and we note that our decadal forecasts 
assume that ne major voksanic eruptions will 
‘occur during the forecast period. We therefore 
expect both NoAssim and DePreSys hindeasts 
Cf periods containing volcanic eruptions 10 be 
too wam on average. However, the warn bias 
is significanly smaller in DePreSys, This is 
clearly illustrated in hindeasts of 9-year mean 7, 
(Fig. 20), for which the DePreSys bis of 016°C 
represents a 79% reduction from the NoAssim 
bias of 0.075°C. If we remove the difference in 
these biases (-0.089°C) from the DePreSys 

indcasts of annual mean 7, (dotted red curve 
1A), the RMSE is no longer significantly 
different fiom Nassim at forecast periods 
‘greater than 15 months. The cooling of DePreSys 
relative to NoAssim is consistent with a warn 
bias of Hin the NoAssim initial conditions 
provided by the transient HagCMB3 integrations 
(Fig. 1C from 1982 onward). Furthemore, the 
magnitude of this bias is consistent with the 
level of internal muhidecadal variability of H 
found! in both the observations and the individ- 
ual HadCMB integrations used 10 initialize the 
NoAssim hind Ve therefore 
conchide that the skill of 
DePrSys over NoAssim at forecast periods 
fonger than 15 months results mainly. from 
sizing. the low=fivg) 
thereby removing errors of 1 from the NoAssim 
initial conditions (SOM text). 

Because forceast errors generally grow 
with time, differences between the RMSE of 
NoAssim and DePreSys would be expected to 
be largest at short fead times. This was not the 
cease in our experiments (Fig. 1. A and BY. We 
investigated this unexpected behavior using a 
simple energy balance model (EBM) (29) to 
predict the evolution of the average difference in 
Hf between the DePreSys and NoAssinn initial 
‘conditions (SOM text and fig. S2) We found 
that the detailed evolution of this difference 
[which increases in. magnitude for the first 4 
years, decreasing thereatlr (fig. S3)] is governed 
bby an atmospheric feedback response 10 the ini- 
tial anomaly of H (fig. $4). Furthemore, the 
RMSE of the trend in global 7, during the first 
5 years of the hindcasts is lower in DePreSys 
than NoAssim (30), These results indicate that 
the evolution of the climate system is predicted 
better by DePreSys than NoAssim and that some 
Of this improvement results from atmospheric 
feedbacks simulated by the coupled climate 
model. 

Athough global 7, is important for informing 
_grwenhouse gas emissions policy, many applica- 
tions in industry and commerce require regional 
‘predictions. We found significant differences be- 
NoAssim RMSE. in 9-year 

3, Ato C). Much, 
‘of the regional improvement in DePreSys rel- 
ative to NoAssim is coincident with improve- 
ments in H (Fig. 3D), particularly in the Indian 
‘Ocean and Australasian sector of the Southem 
Hemisphere [consistent with (2), although there 


ini 


10 AUGUST 2007 VOL317 SCIENCE 


are also some regions where DePreSyx. gives 
larger enors than No.Assim. Furthermore, there 
are significant differences in RMSE over land, 
the largest improvements occuring in North and 
South America and easter Australia (Fig. 3). 
The strong correspondence (R= 0.75) be- 
‘ween regional differences in 7, and H (Fig. 3. C 
and D) further supports our conclusion that 
improvements in DePreSys relative to NoAssim 
‘on docadal time scales result mainly from ini- 
tializing H. Although our hindcast period is 
Jimited to 20 years, the existence of natural low 
frequency variability of 1 (3) (Fig. 1C) strongly 
suggests that DePreSys would abo improve on 
NoAssim in other decades, although the region- 
al details could be diflerent. Furthermore, a sub- 
stantial increase in the number of subsurface 
‘ocean observations through the Argo program 
(32) should substantially improve our ability 
10 initialize the ocean in fine, thereby leading 


to father improvements in DePreSys relative to 
‘NoAssim both globally and regionally 

Having established the predictive skill of 
DePreSys, we issued the fint GCM-based fore- 
cast of glohal 7; for the coming decade (33, 34) 
(Fig, 4). The DePreSys forecast is based on 20 
ensemble members, 10 starting fom consecu- 
tive days leading to 1 June 2005, combined with 
10 from consecutive days leading 10 1 March 
2005, We assessed the impact of initial con- 
ditions on this forecast by comparing, it with a 
NoAssim forecast, consisting of cight ensemble 
members, We also compared two eight-member 
DePreSys and NoAssim hindcasts with obser- 
vations, The DePreSys hindeast starting from 
June 1985 comretly predicted a rapid warming 
during the transition from the weak La Nida of 
1985 to the El Nifo of 1986-1987 and comeetly 
predicted the wanning trend throughout the 
petiod until the eruption of Mount Pinatubo, 


A_NodAssim J, 


C_NoAssim—DePreSys J; 


oon 


Os 04 


=0.15-0.1-0.05 0 0,05 0.1 0.15 


Fig. 3. Impact of initial conditions on regional hindcast skill. (A) RMSE of 9-year mean 7, anomalies 
(telative to 1979-2001) for the ensemble mean NoAssim hindcasts, verified against observations from 
HadCRUT2v (36-38). (B) As (A), but for DePreSys. (C) NoAssim minus DePreSys RMSE of 9-year mean 
T,,Diflerences are shown only where they are significant atthe 5% level (18). (D) As (), but for 9-year 
mean H anomalies (elative to 1941-1996). In all panels, each 5° latitude by 5° longitude pixel 
represents the RMSE for predictions of 7, spatially averaged over the 35° latitude by 35° longitude box 


centered on that pixel. 


Fig. 4. Globally averaged annual 
mean surface temperature anom- 
aly (elative to 1979-2001) fore- 
cast by DePreSys starting from 
June 2005. The Cl (red shading) 
's diagnosed from the standard 
deviation of the DePreSys. en- 
semble, assuming a t distribution 
‘entered on the ensemble mean 
(white curve). Also shown are 
DePreSys and ensemble mean 
NoAssim (blue curves) hindcasts 
starting from June 1985 and 


Anomaly (°C) 


1985 


1990 1995 2000 2005 2010 2015 


June 1995, together with observations from HadCRUT2VOA (black curve). Rolling annual mean values 
‘are plotted seasonally from March, June, September, and December. The mean bias as a function of 
lead time was computed from those DePreSys hindcasts that were unaffected by Mount Pinatubo (SOM 
tex and removed from the DePreSys forecast (but not the hindcasts), 
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‘The DePreSys hindcast stating from June 1995 
ccomectly predicted an initial cooling, followed by 
‘2 general warning. As expected, the Nodssim 
hindeasts predicted only the general warning 
trond, although the NoAssim hindcast from June 
1993 is generally t00 warm, In the DePreSys 
foeccas, intemal variability offsets the effects of 
anthropogenic forcing in the first few years, 
Jeading to no net waning betine 2008 (Fig. 4), 
{In contrast, the NoAssim forecast warms during 
this period, Regional assessment to February 2007 
(fig, S8) indicates that this initial cooling in 
DePreSys relative to NoAssim results from the 
development of cooler anomalies in the tropical 
Pacitic and the persistence of neutral conditions in 
the Southem Ocean, In both eases, the DePreSys 
forecast is closer tothe verifying changes observed 
since the forecast stat date, Both NowAssim and 
DePreSys. however, predict further wanning 
during the coming decade, with the year 2014 
predicted to be 0. C [S 10 95% 
‘confidence interval (CD) warmer than the observeat 
value for 2004, Furthermore, at last half of the 
years after 2009 are predicted to be warmer than 
198, the warmest year currently on record. 
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Mechanism of Na*/H* Antiporting 


Isaiah T. Arkin,** Huafeng Xu,” Morten @. Jensen,” Eyal Arbely,” Estelle R. Bennett,” 


Kevin J. Bowers,’ Edmond Chow,’ Ron O. Dror,” Michael 


Eastwood,” Ravenna Flitman-Tene,” 


Brent A. Gregersen,* John L. Klepeis,* Istvan Kolossvary,* Yibing Shan, David E, Shaw*?+ 


‘Na*/H” antiporters are central to cellular salt and pH homeostasis. The structure of Escherichia coli 
NhaA was recently determined, but its mechanisms of transport and pH regulation remain elusive. 
‘We performed molecular dynamics simulations of NhaA that, with existing experimental data, 
‘enabled us to propose an atomically detailed model of antiporter function. Three conserved 
aspartates are key to our proposed mechanism: Asp*** (D164) is the Na*-binding site, D163 
controls the alternating accessibility of this binding site to the cytoplasm or periplasm, and 0133 
is crucial for pH regulation. Consistent with experimental stoichiometry, two protons are required 
to transport a single Na* jon: D163 protonates to reveal the Na*-binding site to the periplasm, 
and subsequent protonation of D164 releases Na*. Additional mutagenesis experiments further 


validated the model. 


‘ha is the archetypal Na"/H" antiporter 
and the only member of the family that is 
absolutely required by E.coli for surviv= 

alin high-salt conditions, under alkaline stress, oF 

in the presence of otherwise toxic Li” concen- 
trations (/, 2) [Lisa membrane protein consisting 
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of 388 residues that traverse the inner membrane 
12 times, with both termini ending in the ey- 
toplasm (3). The structure of NhaA exhibits a 
distinctive fold of 10 contiguous transmembrane 
helices and 2 antiparallel, discontinuous helices 
(iv and xi) aligned end to end to span the 
membrane (4). 

Nha exeretes Na” or Lit (but not K*) from 
the cytoplasm using the enengy from the cotrans- 
port of protons down their electrochemical 
gradient into the cell, with a characteristic 
lectrogenie stoichiometry of two protons to 
‘one Na” or Li” (5, 6), Nha activity decteases 
by three orders of magnitude when shi 
pl18 1 pl 6.5 (7), enabling it to regulate cellular 
acidity in addition to cellular salinity. 
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Using recently developed algorithms for the 
high-speed, parallel execution of molecular dy- 
namics (MD) sitnulations (8-12), we performed 
simulations of membrane-embedded Nha with 
fan aggregate length approaching 3 us, allowing 
Us 1 examine ion transport, pH regulation, and 
cation selectivity and to thereby deduce a detailed 
mechanistic picture of the function of Nha 

Crystallization of E. enti Nha was performed 
at pl14,a state in which the protein is inactive, and 
‘cordingly, no Na was seen in the structure (4) 
Hunte ef al. (4) infered, however, that the Na” 
binding site is near D163 oF D164 (/2), because 
these have been shown to be the only carboxylic 
residues absolutely indispensable for transport 
activity (13), Because these residues. are likely 
‘candidates 10 undergo protonation state changes 
that drive Na" transport, wessimulted Nha under 
all four possible combinations of the protonation 
tates of D163 andl D164, Ater equilibration, we 
initiated! MD simulations (12 t0 100 ns each) from 
‘each of these four configurations, with Na” placed 
adjacent to D163. We then repeated the process, 
placing Na* adjacent to DI64, 

When Na” was placed adjacent to D163, 
imespective of the protonation state of D163 or 
D164, the ion became trapped by the pro 
ater was unable w penetrate the protein to 
hydrate it; this finding suggests that D163 is not 
the Na"-binding site, The behavior of Na” was 
entirely different when placed adjacent to D164 
IFD164 was deprotonated, Na’ remained bound 
rogandless of the protonation stale of D163, with 
\ater able to reach and hydrate the ion, Placing 
Na* adjacent to protonated D164, however, 
provided the strongest clues as to how the 
transporter might function, tn this case, the ion 
expelled fiom the protein to the aqueous 
‘environment, with the direction of Na release 
determined by the protonation state of D163. IF 
D163 was protonated, Na* was expelled to the 
Periplasm: in contrast, if D163 was deprotonated, 
Na’ was expelled to the eytoplasm. (See Fig. 1A.) 

We therefore propose that D163. and DIGs 
play different roles in the Na” transport mecha- 
nism. D164 is the binding site for Na’: hts 
protonation state determines whether Na” binds 
to the protein of is released. When DI6+ is de- 
protonated and, consequently, negatively changed, 
Na® remains tightly bound as a result of Cou- 
Jombie attraction. When D164 is protonated, the 
electrostatic interaction is diminished and Na 1 
Jonger binds. In contrast, D163 isthe accessibitity- 
‘control site of the protein: Its protonation state is 
the molecular switch that determines whether the 
Na'-binding site (i.e,, DL64) is accessible to the 
periplasm or to the cytoplasm. Bound Na” can be 
‘expelled to the periplasm if D163 is protonated 
oF to the cytoplasm if D163 is deprotonated: 
each case, expulsion is accompanied by pro- 
tonation of D164. 

(Our simulations provide a structural eyplana- 
tion for how D163 acts as a conformational 
switch, The carboxylate group of deprotonated 
D163 makes strong hydrogen bonds with the 
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amide hydrogens of residues MIOS and T132 
(Fig. 2). Upon protonation, these interactions 
Vanish, and D163 forms a new hydrogen bond 
betwexn its carboxylic hydrogen and the earbon- 
-yloxygen of M105, This movement causes helix 
‘to tlt, which shifts the Na"-binding site (D164) 
in the direction ofthe periplasm. 

The local structural changes elicited by 
D163 protonation lead to global conformational 


changes (Fig, 2). When D163 is protonated, the 
eytoplasmic entrance is closed while the peri- 
plasmic exit is open. Deprotonation of D163 
lads to the closure of the periplasmic Na" exit 
and the opening of the cytoplasmic entrance. 
Taken together, our data provide a molecular 
realization of the ahemate accessibility mechia- 
nism postulated by Jardetzky more than 40 years 
ago (4). 


163 deprotonated 


Water Dery ib 


Fig. 1. Na* transport and alternating access. D163 and D164 are colore 


blue and red, respectively. 


{A) Series of Na* (purple) postions when D163 (not shown) is deprotonated or protonated, leading to 
Na* expulsion to the cytoplasm or transport to the periplasm, respectively. The rightmost panel depicts 
Na* position as a function of time in diferent D163 and D164 protonation states. (B) The four graphs 
show water penetration into the occupied Na*-binding site at D164 (top graphs) and the regulatory site 
at D163 (bottom graphs) as function of postion (2) across the membrane. The average density and SD 
‘were computed from two 60-ns trajectories, with D163 protonated (left) and deprotonated (right), Blue 
and red lines in graphs represent positions of D163 and D164, respectively. The top panel shows 
representative snapshots from the simulations, with water molecules shown in pink and white. (C) 
‘Mutagenesis studies of NhaA. Wild-type (WT) and mutated antiporters were assayed at different NaCl 
concentrations. Negative control bacteria (pBR) expressed no antiporter. The top panel shows locations 
of the different mutation sites (green) in the NhaA structure. Substrate pathways from the cytoplasm and 
periplasm are indicated by blue arrows. Molecular images in Figs. 1, 2, nd 4 and Fig. S1 were produced 
by VIMD (29), and Fig. 1 and Fig. S3 were generated by PyMOL (30). 
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‘The hypothesis that the protein contains a 
Na‘ HW binding site at DIGS and a H-binding 
site at D163 implics that protons and Na” must be 
able to reach D164 and that protons must be able 
toreach D163. A putative Na’ transport pathway, 
notably blocked in the inactivated x-ray structure, 
has been suggested (4), staring from a lange 
crevice on the cytoplasmic face of the protein, 
leading to D164, and ending in the periplasm, 
However, the existence ofa pathway to D163 has 
not been previously considered. 

‘To identify posible ion transport pathways, 
wwe determined the water agcessibility ofthe two 
sites for different protonation states ofthe protein, 
‘Water can reach both D163 and D164 from both 
sides of the membrane (Fig. 1B), but in no pro- 


tonation state is there a continuous water density 
across the protein: such water connectivity might 
deplete the proton motive force. Instead, when 
D163 is accessible to the cytoplasm, D164 is 
accessible to the periplasm (Fig. 1B, let panels), 
and when D163 is accessible to the periplasm, 
D164 is accessible to the cytoplasm (Fig. 1B, 
ight panels), 

We undertook mutagenesis experiments to 
substantiate our computational finding of these 
Water pathways to D163. We hypothesized that 
replacing smaller amino acids with larger ones 
along these pathways would block access of 
[protons to D163 and thus inhibit the antiporter. 
Activities of wikltype and mutant antiporters 
ere assayed for their ability to sustain growth 


Fig. 2. Effects of D163 [463 deprotonated D163 protonated 
protonation state on 

antiporter conformation. \ 

D164 is protonated, such 16s 
thatbound Na" wouldbe | bee pes 
expelled. The top panels ne arf 

depict the local interac- »s pied! 

tion of D163, whereas a 

the bottom panels illus- oO 

trate the global confor- 

mation af the protein.“ Cytoplasmic view 


The structures in. which 
D163 is protonated (or- 
ange) and deprotonated 
(white) are superposed 
by Cy atoms (D164 is 
protonated in both struc- 
tures), The G, root mean 
square deviation (RMSD) 
between the structures is, 
~2.3 A when comparing 
the central helices i tov, 


ix, and x, 


D164 in the Na*-binding site is red. 
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of bacteria that do not harbor any of the three 
native antiporter genes (/5). Unlike the wild-type 
antiporters all mutant antiporters aside from 
Al Leu!” (A100L) failed to support 
gowth in cleyated concentrations of NaCI (Fig. 
1C), Because the G336L mutant protein does not 
support bacterial growth even in a low concen- 
tration of NaC, itis possible that this protein may 
be unstable and nonfunctional. The functional 
‘comparisons between the mutant antiporters Were 
conducted in vivo, and the concentrations of the 
different proteins may thus differ despite identical 
handling, 

The inhibitory eflcets of mutations at A127 
and G104 are consistent with blockage of a 
‘water-mediated proton pathway to D163 from 
the periplasm, whereas the inhibitory effect of a 
‘mutation of A160 is consistent with blockage of a 
‘watersmediated proton entry 10 D163 fiom the 
cytoplasm, Moreover, we explicit 
effect of mutating A127 to leueine 
found that water and, therefore, proton penc- 
tration from the periplasm to D163 are indeed 
blocke, Additional mutagenesis results are re 
ported in the supporting onfine material (SOM). 

Based on these results, we propose a mech- 
anism for the Na"/H1 antiporting eycle of Nha 
that consists of the following four sequential 
steps (abled as in Fig. 3): (A) The accessibi 
control site (D163) is deprotonated, res 
in cytoplasmic accessibility of the Na’-binding 
site. The Na’-binding site (D164) therefore 
releases aH" 10, and takes up at Na° from, the 
cytoplasm, (B) The accessibility-control site 
(D163) is protonated by aH that enters fom 
the periplasm, This results in-a conformational 
change (Fig, 2) that exposes the Na’-binding site 
to the periplasm, (C) The Na’-binding site 
(D164) exchanges the bound Na* with aH 


3. Schematic representation of the transport model of NhaA. The carboxylic group of D163 in the accessibility-contro site is colored blue, and 
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from the periplasm, The replacement of bound 
Na® by IT” could be considered a “knock-on” 

like mechanism (/6) acting through electrostatic 
repulsion (17), (D)D163 deprotonates, leading 10 
4 protein conformational change that again 
exposes the Na'-binding site (D164) to the 
eytoplasm. Overall, two protons are taken up 
from the periplasm in panels B and © and 
released 19 the cytoplasm in panels A and D 
(Fig. 3), while a single Na* is taken up trom the 
cytoplasm in panel A and then pumped to the 
periplasm in panel C, which is consistent with 
Nha’s electrogenic stoichiometry of one Na” to 
‘hwo protons (5). 

Very recent simulations of Nha (/8) have 
«explored conformational changes associated with 
the simulancous deprotonation of group of 
residues (not including D133, discussed below), 
buta detailed understanding of the mechanism of 
its pl sensitivity and the identity of its pH sensor 
has remained elusive, Although the pH activation 
ange of NhaA closely resembles the p& of 
histidine (where Ky is the acid dissociation 
constant), no single histidine is required for Na” 
transport or is par of the pH sensor (79, 20. We 
thus focused instead on carboxylic residues. as 
possible pH sensors, because some carboxylic 
residues are known to have highly elevate p's 
(21, 22), Recently, pXy’s ofall ionizable residues 
‘were calculated for acid-inactivated Nha (23), 
Six carboxylic esidues (D7S, EX2, E124, D133, 
D163, and D164) were found to have abnormally 
high pXy’s, with D133 having the highest value. 
Having already conducted simulations with 
protonated D163 and D164, we performed four 
aukitional simulations (6 ns each): In each of 
these additional simulations, either D78, EX2, 
24, oF D133 was protonated (with DIGS and 
D164 protonated in all cases). Protonating the 
“eal” pH sensor shoul! lead the protein to adopt 
4 structure similar to the x-ray structure, which 
‘was detemined at low pH (4), conditions under 
\which the pH sensor is presumably protonated, 


Fig. 4. Effect of 0133 
protonation on NhaA 
structure. The leftmost 
and middle panels dis- 
play the structures result 
ing from simulations in 
which 0133 was depro- 
tonated oF protonated. 
The rightmost panel dis- 
plays the xray crystal 
structure obtained at pH 
4 (4), Due to the resolu- 
tion of the aay analysis 
(3.45 A), no hydrogen is 
seen inthe structure. Red 
arrows highlight the posi- 
tions ofthe helical axes. 
The helix coloring is a5 
described in fig. $1. The 
change from the xray 


Our simulations suggest that D133 is a key 
component of the pH sensor. D133. resides 
between the N termini of helix fv and helis.xi, 
thereby neutralizing their opposing. helical 
dipoles (Fig. 4). Upon protonation of D133, the 
{wo oppassing hetices shift such that their dipoles 
no Tonger converge on a single point, because a 
protonated carboxylic group cannot effective 
neutralize the opposing dipoles. This confor- 
imation is similar to the acid-inactivated x-ray 
structure (4). Moreover, among those carboxylic 
residues exhibiting elevated pX,s (23), D133 
\was the only one whose protonation resulted 
such a conformational chang. 

Mechanistically, the shift of the two helical 
dipoles observed in our simulations upon D133 
‘protonation causes D164 in the Na”-binding, 
to face the protein lumen rather than the 
‘entry and exit pathways (Fig. 4). In this position, 
D164 is unable to bind Na’, resulting in an 
inactive protein. DIGS also fices the protein 
Jumen in the Jow-pHt x-ray. structure, further 
pointing to D133 as the pH sensor, Mutation of 
D133 to the neutral residue asparagine has boon 
shown experimentally (/3, 24)to result in nearly 
complete inhibition of transport, similar to the 
inactivation caused by kowering of pl. More- 
‘over, mutation of G338, located at the juncture 
‘between the helical dipoles, markedly reduces the 
pil response of the transporter (25). 

‘The antiporter must be, and is (6), extremely 
selective for Na” over K”, and is slightly selective 
for Li” over Na” (26, 27). To investigate Nha\'s 
selectivity among different cations, we conducted 
free-energy perturbation calculations (28) and 
found that NhaA (binds Liv more strongly than 
Na® (by 16 Kiimol) and (i) binds K™ more 
weakly than Na” (by 14 kml) (fig. SA). 
Potential of mean force analyses (28) show that 
neither Na nor Li” encounters. a substantial 
kinetic barrier to binding (Fig. S4B). Our results 
indicate that NhaA’s ion selectivity cam be ex- 


plained thermodynamical. 


structure in a simulation with D133 protonated is noticeably smaller than the corresponding change 
when D133 is deprotonated (Cex RMSD of 2.0 A versus 2.5 A when comparing helices i iv, v, and x). 
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Our combinatorial approach, based on mul- 
tiple long-time-scale MD simulations, led to the 
formulation of a model of NhaA’s transport 
‘mechanism, pH regulation, and eation selectivity 
that is consistent with both our own and 
previously reported experimental data, Future 
Studics will be needed to (i) identify the exact 
source of coupling between Na" and proton 
transport, which is necessary w avoid proton 
Iakage by NhaA, and (i) determine whether 
‘mammalian Na“/H" exchangers, which differ in 
their Na“: HT” stoichiometry and pI response, use 
a transport mechanism similar to that proposed 
for Nha. 
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The contribution of stem and progenitor cell dysfunction and depletion in normal aging remains 
incompletely understood, We explored this concept in the Klotho mouse model of accelerated aging. 
‘Analysis of various tissues and organs from young Klotho mice revealed a decrease in stem cell 
number and an increase in progenitor cell senescence. Because Klotho is a secreted protein, we 
postulated that klotho might interact with other soluble mediators of stem cells. We found that klotho 


bound to various Wnt fa 
the suppression of Wnt 
‘evidence of 


ly members. In a cell culture model, the Wnt-Kotho interaction resulted in 
logical activity, Tissues and organs from klotho-deficient animals showed 
eased Wnt signaling, and ectopic expression of Klotho antagonized the activity of 


‘endogenous and exogenous Wnt. Both in vitro and in vivo, continuous Wnt exposure triggered 
accelerated cellular senescence. Thus, klotho appears to be a secreted Wnt antagonist and Wnt proteins 


have an unexpected role in mammalian aging. 


esident and circulating stem and progen- 
Rs sits ir men te 

maintenance and repsir, and it i often 
Pstulated that stern and progenitor cell depletion 
‘ordysfinetion might contribute to aging (/), We 
therefore examined stem cel dynamics in a we- 
netic model of aceelerated aging. Mice lacking 
lotho expression, henceforth termed Klotho 
mice, have a shortened life span and exhibit a 
number of early-onset age-related changes, in- 
cluding arteriosclerosis, decreased fentlity, and 
skin atrophy (2). Klotho is a transmembrane pro 
tein with a lange extracellular domain composed 
‘oftwo repeats (KI and KL2 domains) that share 
similarity to Family I glycosidases. In addition to 
being cell-associated, the extracellular portion of 
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loth is seereted and can be detected in the ci 
‘culation of animals and humans (3), It is gener 
ally believed that secreted Klotho isthe form most 
likely mediating the protein's longevity effects, 
‘One alteration in Klotho animats isthe early 
appearance of age-related changes in the skin. To 
assess whether these phenotypic changes were 
accompanied by alterations in stem cell number, 
we identified the number of long-term S-bromo- 
2'-deoxyuridine (BRIU) retaining cells in the 
skin of either wild-type or age-matched Klotho 
animals (4). These label-retaining cells (LRCs) 
are a convenient method! to identify stem cells 
Within their niche (5). At an age of 25 months, 
Klotho mice had significantly fewer LRCs than 
their wikltype litermates [will type: 80 = 5 
LRCs (¢SD) per set of three follicles versus 
Klotho: 35 = 3 LRCs, m= 30, P< 0.05 paired 1 
test}. Skin LRCs are confined to a specialized 
region of the follicke known as the bulge region 
and the stem cells contained within this niche are 
enriched for CD34 expression (6). The bulge 
region in Klotho animals was. consistently 
smaller with reduced CD34 expression (Fi 
1A), Hair follicle epidermal stem cells are also a 
source of transient amplifying (TA) cells induced 
bby acute wounding (7). Consistent with a defect 
in the number of LRCs, epidermal wounding 
resulted in a diminished number of TA cells in 
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the Klotho animals (Fig, 1B) and a deficit in 
wound closure (Fig, IC), 

‘Age-matched wildtype and Klotho skin sec- 
tions also exhibited diflerences in senescence- 
associated endogenous fzalactosidase (SAB-zal) 
activity (Fig, 1D). The observed SAp-gal stain- 
ing occurred in the oulemmost epidermal layer 
including the acellular stratum corneum, The 
specificity and physiological significance of this 
staining is unclear, Examination of numerous 
random follicles revealed that the Klotho animals 
also had intense [galactosidase staining within 
the follicles, especially within regions known to 
or cells (8), We 
no SAfgal staining in the intra- 
follicular regions. Senescent cells often activate 
the DNA damage response (DDR) pathway, as 
cevidencad by the development of nuclear foci of 
‘proteins such as phosphorylated histone (HZAX), 
ataxia telangicetasia mutated (ATM), and binding 
provein 1 (S3BP1) (9). The DDR pathway was 
activated in multiple random Klotho follicles but 
notin age-matched wiktype mice (Fig. 1D). 

Klotho animals also demonstrated increased 
‘SAfegal staining inthe small intestine, especially 
\ithin intestinal erypts, an area enriched for stem 
and progenitor 
the testis in male animals also demonstrated evi- 
dence of increased progenitor cell senescence 
(fig. St), In the bone marrow of Klotho mice, 
there was also a edu 
cells bearing the cell surface phenotype of c-kit” 
sca-I” lineage negative that encompasses. the 
hematopoietic stem cell (HSC) (Fig. IF). This 
reduction of HSC in Klotho animals was 
accompanied by a marked increase in the 
percentage of stem cells that were actively 
dividing (Klotho HSCs: 284% 3.7% in Gy 
‘ersuts wild-type HSCs: 10.2 © 1.1% in Gy, = 3 
animal pairs per group, P< 0.08 paired £ test) 
(Fig. 16). 

ven that stem cell biology is regulated by a 
number of secreted factors, we wondered wheth- 
«there might be a finctional interaction between 
Kotho and one of these known stem cell re 
Intors. In the course of our experiments, we noted 
that the subcellular distribution of Klotho and 
Wot proteins within transfected cells overlapped 
(fig. $2). Thus, we sought to determine whether 
Klotho and Wint3 could form a direct molecular 
complex. Epitope-tagged Win and mye-tagged 
otho were readily detectable in transfected cell 
lysates (Fig. 2A). Klotho associated with immu 
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1B). Similar analysis of | 


n in the population of 


803 


804 


RTS 


noprecipitated Wit, and the reciprocal i 
noprecipitation of klotho contained Wat (Fig. 
2A). A sing ular KL domain was 
suflicient to mediate the observed interaction 
With Wnt (Fig. 2B), The Wnt binding domain 
Was contained within the amino-terminal portion 
of Klotho’s KL1 domain (amino acids 1 to 285) 


(ig. $3), Full-length klotho also immunoprecip- 
itated with a number of other Wat isoforms 


coexpressed Wnt and klotho in human em- 
bryonic kidney (HEK) 293 cells along with a 
Wat-responsive reporter. The presence of Wint3 
increased reporter activity by approximately 7 
times, whereas the addition of increasing 
amounts of Klotho reduced Wot activity: in a 
dose-dependent fashion (Fig. 2C), Various struc 
{ural mutants containing a single KL domain or 
altering conserved amino acids believed to be 
important in klotho’s frglucuronidlase activity 
failed to abrogate klotho-mediated: Wnt inhibi- 
tion (fig. $5). In contrast, klotho constructs that 
failed to physically interact with Wn also failed 
to inhibit Wat activity (ig. $6), 

We next asked whether klotho could inhibit 
activity in a cell-free system, Conditioned 
media with and without either klotho o¢ Wada 
prepared and mixed in v 
fore being placed on HEK-293 cells 
with a Wnt reporter construct. These results indi 
ceated that secreted Klotho could inhibit soluble 
Wot activity (Fig, 2D), In contrast, secreted 
Klotho-conditioned medium was ineffective in 
inhibiting Wnt signaling directly stimulated ty 
intracellular f-eatenin expression (ig. S7), 

We next tested whether animats lacking 
Klotho expression had increased Wt activity 
We crossed Klotho animals with the TOPGAL 
reporter strain in which the activity of a 
galactosidase reporter is under the control of 
Watresponsive elements (/0). Analysis of the 
skin of Klotho/TOPGAL animals demonstrated 
aan increase in B-galictosidase reporter activity 
aned with that of age-matched wild-type 
TOPGAL controls (Fig. 3A). Qu I. 
ented Wat activity in 
ve and 
ted that the increased expression of the 
Wnt-dependent B-galactosidase reporter was 
similar to that of Axin2, a known Wnt target 
gene (fig. SS). Other potential transcriptional tar 


Wn 


rs comb 


anstevted 


ysis confirmed this at 
nd small intestine of Klotho m 


nscription in Klotho animals (fig. $9), 
Whereas normal aging is associated with 
bone loss, studies in mice and hum: 
tablished that augmented Wat signaling leads to 
ased bone mass (//). We therefore monitored 
tivity in bones of aged-matched wild- 
type or Klotho littermates. Using the TOPGAL 
reporter, we detected augmented reporter activity 
in sections obtained from the proximal tibia of 
2.week-old Klotho mice (Fig. 3B and fig. $10), 
At this time point, Klotho lack any 
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discemible phenotype, 
crease in Wnt activity precedes the apparent 
‘onset of accelerated aging. We also analyzed by 
microcomputerized tomography (CT) the tbias 
‘of 3-month-old wildtype or Klotho animals. 
Klotho mice demonstrated nearly 5 times as 
‘much tibial trabecular bone mass (Fig. 3, C to. 
An increase in overall tibial and vertebral column 
trabecular bone density has actually been previ- 
‘ously noted but unexplained in Klotho mice (/2), 


In contrast, other bones in the Klotho animals 
exhibit decreased bone density (2), The basis for 
this regional difference in bon 


density is unclear 


but may relate to the complex. interplay. of 


Klotho’s ability both to alter Wat signaling. and 
to regulate other pathways involved in calcium 
and vitamin D homeostasis (/3-16), 

To teat whether augmented klotho expression 
‘could inhibit Wot signaling in vivo, we ana 
TOPGAL reporter mice in the first few weeks of 


zed 


HSCs (x 109) 


wr Kio 


Fig. 1. Altered stem and progenitor cells in Klotho mice. (A) LRCs within the skin follicles of 80- 


day-old wild-type (WD) oF Klotho (Kio) 


ice (top). 


igher magnification of representative bulge 


regions stained for CD34 (bottom). (B) TA cell, identified by positive brown nuclear BrdU staining, 


after skin wounding. (C) Assessment of skin closure 4 days after creating a 1-cm wound ( 


pairs, “P < 0.05 paired f test). (D) Evidence for senescence within the hair follicle of Klotho animals 
as assessed by [gal staining (SAj-gal) and nuclear foci of y-H2AX and 53BP1 (red) in 4,6 


diamidino-2-phenylindole (DAPI)~stained nuclei (blue). Percentage of positive nuclear stainin 


either wild-type or Klotho follicles is shown + SD. (E) SAf-gal staining of small intestine. (F) 
Determination of the absolute number of c-kit"sca-1” Lin HSCs in bilateral femur and tibias of 
either wild-type or Klotho animals (n = 3 pairs, “P< 0.05 paired t test). (G) Representative cell 
cycle analysis of HSCs from wild-type and Klotho animals demonstrating a decrease in HSC 
‘quiescence (% Ga) and increased proliferation (% Gy). DNA content is displayed along the x axis; 


RNA content determined by Pyronin Y (PY) st 
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ing is displayed along the y axis. 
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life, when the kinetics ofthe harfolliclecyele are ferent recombinant adenovinuses encoding c obulin G Fe fragment (AGFC) that 
synchronized (17). On postnatal day 8, mice were Klotho (Ad.Klo), the Wnt inhibitor DKK-1 served as a contr. Four days aller injection 
injected subcutaneously with one of three dif (AGLDKKI}, or an adenovirus encoding the (postnatal day 12), we harvested the injected area 
and sessed Wat activity inthe hair follicle. In 

: controlinjected skin, Wnt activity. was clearly 

Fig, 2. Interaction of AA we: B visible around numerous growing hair folic 


klotho, with Wnt and w:kiomye | HA whereas this activity was reduced in both the 
inhibition of Wnt sig- ! _ a er a ph pene Sas 
: =a -1 and klotho injected skin (fig. $1), 
naling. (A) HEK-293 wp: wna-Ha [mye - = . se cy tea ee 
Cas ere Worsley sessment of more than $00 random fllicles 
al ee taste — | in each colton reveled that Kltho was 
anu Kemaggtitinnn tnput roughly equivalent to DKK1 in the ability to 
(HA)-tagged expression Jove me + wonlrn TS quantitatively suppress Wat's biological activity 
constructs encoding ice tinas =e Fig. 3) 
‘Wot3 and murine klotho Moweyon 4/4 — To asses whether the expression of klotho 
(Ko). Reciprocal coim- we ‘ould also block the effects of pathological Wnt 
munoprecipitation (IP) = expression, we crossed Wo strains of mice, one 
of klotho and Wnt3 al eee that expressed the tetracycline-inducible tran 
from cell lysates is also Mioflag = 3 = > scriptional activator (TA) under the control of 
demonstrated, WB, West- KioDi-Fiag = - + - the cytokeratin § promoter (KSATA) and another 
ern blot. (B) Schematic PREM et that expressed Wnt] under the control of multiple 
diagram of kiotho dem- se-responsive elements (ret-Wnt) (18, 19). The 
onstrating the woe Co Do, resultant cross generated the experimental fine 
cellular Klotho repeats KSnTAer-Watl, which provided tctracyeline- 
(RL and 12) followed . 2 inducible expression of Watt in the basal layer of 
by the single-pass trans- stratficd epithelium. Jn our ianagenic animal, 
membrane domain (-). “ 2 ectopic expression of Wrtl fiom postnatal day 
ag gpa fumeroth 3 1210 21 resulted in increased epidermal thickness 
ee ee B+ 3° nd mated félicular hyperplasia (Fig. 3G). 
Lied deobe solace 2 and marked follicular hypoplasia (Fig. 3), The 
Wot binding. (© HEK-293 °. F Jocal injection of either DKK-1 oF klotho, but not 
abies Gaekcl wie Gua SiS eeeee Tet cutmarvme, tke control adenovirus, blocked these patholog: 
a sia aerecin ee woud = avast Sica Witinduced skin changes (Fig. 3G). 
Strut (200 ng DNA) and To begin to dircely assess the sole of Wnt 
the indicated amount of proicins in aging, we tested whether continuous 


lar senescence, We 


.a full-length klotho expression vector along with either an active (TOPFlash) or inactive (FOPRlash) Wnt — Wat exposure induced cel 
luciferase reporter. (D) Conditioned medium mixes were incubated for 24 hours with HEK-293 cells. grew primary mouse embryonic fibroblasts 
previously transfected with either the active or inactive Wnt luciferase reporter. All Wnt activity (MEFs) in the presence oF absence of Wint3a- 
measurements represent the ratio of TOP/FOP activity obtained from a single experiment performed in conditioned medium. Consistent with Wnt pro- 
triplicate and are representative of atleast three similar experiments. teins having mitogenic effects, analysis of Brit 
and trabecular bone (green). (E) Calculation of the 


trabecular to total bone volume from the tibia of ks! 
three pairs of 3-month-old wild-type or Klotho E F fe 
animals. (F) Quantification of the percentage of g o 
B-galactosidase positive follicles from 12-day-old al i al 
TOPGAL mice injected 4 days earlier with either a ae 
Conta vrs (ASO, an adeno encoding the Bi * 
2 


Fig. 3. Inhibition of Wnt signaling by klotho in 
vivo, (A) Endogenous Wnt activity in skin from 14- 
day-old wild-type or Klotho mice crossed with the 
TOPGAL reporter strain, (B) Wnt activity in tibias of 
14-day-old Klotho/OPGAL or wild-type/TOPGAL 
mice, (C) Longitudinal microcomputerized CT 
sections from the tibia of 3-month-old Klotho (top) 
‘or wild-type (bottom) animals. (D) Horizontal three- 
dimensional reconstruction of cortical bone (yellow 


‘Wt inhibitor (Ad.OKK3), or an adenovirus encod- 
ing klotho (Ad.klo). Approximately 500 random 
follicles were assessed per condition. (G) Hyper- PA 
plastic skin phenotype of KSrtTA/tet-Wnt2 trans- (AFC AaDKT Aa 
genic mice treated with doxycyciine is blocked by 


prior injection ofan adenovirus encoding fr either 
DKK-1 or kltho, Mice were killed on postnatal a 
day 21. WSS coe 


‘ 
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Fig. 4. Senescence induced by increased Wnt 
activity. (A) BrdU incorporation for MEFS grown in 
the presence or absence of Wnt3a conditioned 
media. Cells were assayed from passage 1 (P1) 
through passage 4 (Pa). (B) Senescence associated 
B-galactosidase staining (SAj-gal for MEFs (Pa) 
yrown. in standard media (-) or mixed with the 
indicated L-cell conditioned medium. (C). MEFs 
(P4) with or without continuous Wnt3a exposure 
were assessed for senescence-associated hetero- 
chromatin (HP1-c) and the activation of the DNA 
damage response. (D) Level of BrdU incorpora- 
tion (P4) for MEF cells continuously treated with 
LWnt3a concitioned media (Ct) mixed with either 
vector-transfected or Klotho-transfected condi- 
tioned medium, (E) Growth of MEFS in standard 
‘medium (diamonds), or supplemented with Wnt3a 
at 10 ng/ml (squares) or 30 ng/ml (triangles). 
(Inset) P7 cells were stained for activation of 
H2AX. (F) Skin sections obtained from KSrtTAVtet 
‘Wnt transgenic mice either treated or untreated 
with doxycyctine (Dow from postnatal days 2 
through 21. The senescence-associated marker 
*-HAX is induced in the setting of continuous 
in vivo Wntd (+Dox) exposure. 


incorporation revealed that Wat-conditioned 
initially acted to increase MEF cell 
proliferation (Fig. 4A). However, overtime, con- 
Tinvous Wat exposure resulted in a marked de 
crease in proliferation (Fig. 44 and fig. S12) 
Wot exposure did not increase the level of 
apoptosis (Hig. $13); rather, assessment of cells 
grown in the continuous presence of Wnt3a 
demonstrated a flattened momphology with evi 
dence of increased SAp-xal activity (Fig. 4B and 
fig, S14), Similarly, continuous Wnia exposure 
triggered the DDR pathway as well as nuclear 
foci of HPI-a, a marker of senescence-associated 
heterochromatin formation (Fig. 4). The inhi 
itory fleets of long-term Wat3a-conditioned 
media on MEF proliferation (fig. S15) and BrdU 
incorporation (Fig. 4D) were attenuated by the 
addition of soluble Klotho. Si 

th purified Wn 
conditioned meslium ( 


n using, human rather than mouse 
cells (lig. S17). 

Finally, we tested whether Wnt could induce 
senescence in vivo by analyzing the skin of 
KSnTA/ter-Wntl transgenic animals. Beginning 
oon postnatal day 2, litemnate transgenic anim 
were pliced on a diet with or without doxyey- 
cline (Dox) and skin samples were collected for 
study on day 21. Analysis of multiple random 
follicles (7 >100) demonstrated an increase in 
senescence markers in those animals exposed 10 
‘continuous Wnt! expression. On day 21, 71 
the follicles in Watl-expressing animals exhib- 
ited staining for y-HAX, whereas less than 3% 
‘of uninduced follicles demonstrated this pheno- 
type (Fig. 4F). Similarly, whereas follicles from 
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A Dox treatment showed 
to 0 evidence of senseence, their Watl- 
induced littermates demonstrated multiple areas 
of diserete SAG-gal staining (fig. SI). 

We demonstrate that klotho acts as a Wnt 
antagonist and that chronic Wot stimulation ma 
contribute to stem cell depletion and aging 
During the course of our studies, two other 
stuxlcs appeared demonstrating that ferced con 
stitutive Wnt signaling within L1SC led toa rapid 
exhaustion of long-term repoputating stem cells 
(20, 21). These results, as well as the observa- 
tions in Brack ef af, (22) are broadly consistent 
With our observations of Klotho mice. Previous 
nd the basis of the observed 
ype have implicated alter- 
ling as well as, more 
cently, the fibroblast growth factor 23 pathway 
(/4- 16,23). Funber analysis is therefore requited 
to fally understand how these various klotho- 
pathways. pot 
¥y biological hierarch Now 
theless, our results provide an unexpected con- 
nection between aging and the well-studied Wit 
signaling pathway and suggest that strategies 

iweting soluble mediators of stem cell fimetion 
may provide new therapeutic strategies to combat 
aging and potentially age-related diseases. 
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Increased Wnt Signaling During seer I dope dase ac eaceas 


Aging Alters Muscle Stem Cell ssid 1%, 
Fate and Increases Fibrosis ang 


blastic lineage (Fig. 2B). No loss of cells due to 
detachment or apoptosis was detected, and the 
proliferation of nonmyogenic cells from aged 
muscle was, if anything, lower than that from 


‘Andrew S. Brack,” Michael }. Conboy, Sudeep Roy,” Mark Lee,? Calvin J. Kuo,” 
Charles Keller,? Thomas A. Rando™#* 


The regenerative potential of skeletal muscle declines with age, and this impairment is associated 
with an increase in tissue fibrosis. We show that muscle stem cells (satellite cells) from aged mice 
tend to convert from a myogenic to a fibrogenic lineage as they begin to proliferate and that 


enie cells in cultures from, 


the percentage of fibrog 
aged mice most likely arose by conversion of 
previously myogenic cells into nonmyogenic 


this conversion is mediated by factors in the systemic environment of the old animals. We also {.j, 
show that this lineage conversion is associated with an activation of the canonical Wnt signaling With age, there is a decline in satellite cell 
pathway in aged myogenic progenitors and can be suppressed by Wnt inhibitors. Furthermore, functionality (3). That aged muscle regeneration 


components of serum from aged mice that bind to the Frizzled family of proteins, which are 
‘Wnt receptors, may account for the elevated Wnt signaling in aged cells. These results indicate jauhway (3) or by exposure 0 a youthtil sys 
that the Wnt signaling pathway may play a critical role in tissue-specific stem cell aging and oie environmcnt (0) andes tht those fae 
an increase in tissue fibrosis with age. tional changes are largely reversible, To test for 

reversibility of the age-related myogenic-to- 
muscle is characterized in_ mediating the fibrotic responses of aged fibrogenic conversion, we examined satellite cell 


og of stk 
ne UJendanimginaet of macie We cranial ces edved fom mack of Git fa 


dic pairings (6). Aged tissues 
regenerative potential (2, 3}, manifested by a young (-6-month-oli) and aged (-24-month- exposed to this heterochnonic systemic enviton- 
rephicement of muscle by fibrous connective old) mive for any characteristics that might ment exhibited a reduction in the my 

¢ and adipese tissue (fig. SI), In the account for the age-related fibrotic response, In fibrogenic conversion (Lhom 17 10 10%), whereas 
dystrophies, there is also progressive — single-fiber cultures, we found 99% of the fber- the younger tissues exhibited an increase (from 
muscle fibrosis with age (4). We examined the associated mononuclcatad els appeared to be ~1 19%) (Fig. 2C), Wealso exposed young and 
cellular and molecular mechanism of this ag- myogenic as defined by expression of combina- aged cells in vitro to serum for 

tions of myogenic markers (Pax7, MyoD, and animals (“young serum” a 

Desmin) 2 days afler fiber isolation from yo Ay) Aged se 

1d 98% oF the cells from fibers from to-ibrogenic conversi 


‘can be enhanced by direct activation of the Notch 


The regeneration of aged muscle ca 
enhanced by exposure to a youthful systemic animals, 
‘environment, an effect mediated at Keast in part 


by restoration of normal signaling of the Deli gig 4. prevention of age- 


hterochronic pairings compared with that of subjected to freere inju- 
fed mice in isochronic pairings (pairings of ties. Bromodecxyuidine 
heterochmonic purines compar with young Gamritichrome ed ms 8 Yours Aged Young _Aged 
partners in sochronic pairings. Thus, systemic le fides green, connec: 


(BrdU) was injected intra- 
influences that change with age are important {VE issue) or (right) 


by enhanced proliferation of myogenic i- peritoneally 2 days after in- 
—— 
ere 
immunostained for BrdU _ 80 
FY (green). 46'-Diamidino- & 
Deparment of Newrogy and Newolagkal Scenes : « 
Stnlrd Unies Sol of Meine, Stan, cA 2-pheyindle DARD) (ed 
94305, USA. “Department of Medicine, Division of Hema- labels all nuclei. (B) Quanti- 40. 
ip, nia Umenty Shel ine Sane tae anaes of scion E 
bx 
° 


184 Ce 


i 


Notch pathway (5, 6). Therefo related fre in fibvo- 
tors (Fig. 1. A jury. Three days later, 
CA 94305, USA “Department of Celular and Structural studies as in (A). (Lefd 


A 
Isoetronie —_Holerctvoni troche _Heteroehron 

Whether exposure of old tissue 10 a Genesis during, Bascle 

systemic environment, established by pa regeneration by hetera= 

Pairings of old animals to young ‘won parabiosis. (A) bo- 

(hterochronie pairings) (7), might also reduce hone or heterochronic  § i 

the fibrotic response of old muscle. Indeed, there parabiotic pairs were es > = 

was a reduction of collagen deposition in tablished for 4 weeks, and 

erating arcas in muscles of aged mice in hind timb muscles were A ay a 

deposition was increased and progenitor prolif. Muscles were sectioned 

Biology, The University of Texas Heath Science Cente, 

San Aton, 1% 78229, USA “GeraticReverch, Education, Frat index (percentage 


BrdU" ces (%) 


‘and Cinical Center (GRECC) and Neurology Service, Veterans Of the injury area occupied so Hetero Iso Hetero OR ON Se ee 
‘Mas (VA) Palo Ato Heath Care System, Palo Ato, cA by connective tissue in 

94304, USA. Gomort-stained sections. (Right) Proliferative response (percentage of DAPI" mononucleated cells that were 
“To whom correspondence should be addressed. E-mait: lS BrdU"). “Young” and “aged” refer to young and aged mice, respectively; “iso” and “hetero” to isochronic 
randogstanordeds and heterochronic pairings, respectively. (*P < 0.05; “P< 0.01) 
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young serum had the opposite effect on aged 
cells (Fig. 2D). Nearly 100" 
previously maintained in yo 


ing serum expressed 
y chain under different 
declined to ~75" 
calls previously maintained in aged serum, 
(fig. $3), 

nic progenitors tend to deviate fi 


ition « 


in cultures ¢ 


We used genetic lineage tracing to confinn 
that the aged systemic environment prom 
myogenic-to-fibrogenic conversion, To identify 
fibre antibody to 
fibroblast-specitic marker (ER-TR7) that was 
or MyoDy 

ly sensitive [93% of 


and MyoD") were 


sonic cells, we used an 


ly specific (0% of Pax’ cells 
were ER-TR7") and hi 
nonmyogenie cells (Pax7 
ER-TRT'| (lig. S4). 
studies, we used Pax7.Cre-ER.ROSA26 mice 
4 strain in which tamoxifen administration leads 


to permanent rgalactosidase (f 


gal) expression 


only in myogenic cells in the adult (fi 


> 


Early 
Young Aged 


DesminMyoD 


PhaselDAPI 


Pax? 


Pax7/Desmin Phase/DAP| DesminyMyoD & 


ie oe 


MyoD 
NIMyoD 


Fig. 2. Influences of age and systemic environment on muscle stem cell 
fate. (A) Myogenic progenitors were obtained from single muscle fibers 
from young or old mice. A panel of antibodies to myogenic markers 

Pax7, and MyoD) was used to assess myogenic phenotype at an 
early stage of satellite cell activation (2 days after isolation). (B) The fate of fiber: 
associated cell progeny at a later stage of satellite cell activation (3 days after 
isolation). An antibody to fibronectin ("FN") highlights the morphology of the 
fibroblastic cells. (C) Relative abundance of nonmyogenic cells (Pax7"/MyoD~ or 
Desmin"/MyoD") in “late” cultures {as in (B)] derived from myofibers obtained 
from mice in parabiotic pairings. Axis labels as in Fig. 18. ("P < 0.05; “*P < 
0.01.) (D) Analysis of cell fate in vitro after exposure to young or aged serum 


(Desmi 


Whe 


myogenic progenitor cultures fror 


serum, all B-gal” cells bad a myogenic ph 
type (cither Myo” or Pax7", and ER-TRT). 
However, in aged 18% of Begal” cells 
were PaxT- and MyoD”, and 10% were ER-TR7 
F), which ca pat the agod 


es a myoenic-to-fib 


Activation of the Wat pathway can kead to 


Jy-state activation of the Wat 


muscle and purified satelite cells (fig. $6) from 


young and aged mice, as well as the effects of 
modulating Wat signaling on myogenic-to- 
fibrogenic conversion and the fibvotic response 


We analyzed a direct 


wnstream tanget of 


Wot signaling, Axin2 (/0), in uninjured muscle 
from young and aged mice. Axin2 transcript 
levels were increased in aged muscle (fig. $7A). 
Furthermore, purified satellite cells from aged 


Late 


H 


muscle expressed more Axin2 than did such 
cells from young muscle (Fig. 34). In addition, 
TOPGAL mice [in which 


n is a read-out of Wat 


analysis of 


11) 
essive increase in Wat signaling 


cexpressi 


2. 3B), 
We also analyzed other compor 


in myogenic cells during aging (F 


ants of the 


canonical Wat signaling cascade, glycogen syn. 
thase kinase 3) (GSK 3B) and its subsirate Beeatenin. 


In aged satellite cells, fluorescence-activated 


cell sorting (FACS) analysis demonstrated that 
the amounts of active GSK3B decreased and 
active f-catenin inereased (Fig, 3C), both changes 


indicative of active Wot signaling (/2, 13), 
these changes were due to Wnt 


signaling, because systemic adenoviral-mediated 
expression of Dickkopl-1 (DKK1) (/4), a Wnt 
antagonist, decreased the percentage of myo- 


tive eeatenin 


nie progenitors expressing 
S7B). 
To analyze the Wat signaling cascade in 


myogenic progenitors during muscle regenera 


Pure myogenic progenitor cultures from young or aged mice were incubated in 


plating media for 


0.01.) (€) Effect of young or aged serum on myogenic stem cell fate. 


¥ days, exposed to young or aged serum for 1'2 days, and analyzed for the percentage of nonmyogenic cells. (*P < 0.05; 
yogenic progenitors isolated from Pax7.Cre-ER.ROSAZ6 mice were incubated in 


young or aged serum for 2 days. Cells were stained for (}-gal with S-bromo-4-chloro-3-indolyl §-D-galactopyranoside (X-gal, blue) and with antibodies 
to MyoD (green) and Pax7 (red). Arrow indicates a cell that has undergone myogenic-to-fibrogenic conversion. (F) Myogenic progenitors isolated from 
Pax7.Cre-ER.ROSA26 mice were incubated in young or aged serum for 2 days. Cells were stained with an antibody to f-gal (red) or to a fibroblast 
specific marker, ER-TR7 (green). White arrows in the bottom panel indicate previously myogenic cells showing early fibrogenic phenotype. 
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from aged TOPGAL mice (Fig. 3D and 
D and E). When we incubated myogenic pro- 
genitors from TOPGAL mice in young or aged 
serum (Fi 
progenitors exposed 


detectable evels of setive freatenin was increased 
cd myogenic progenitor (liz. S7C).Ineeased 


fren acai Was Opeted mjd tea of come was pcroned ly amobiie Wat ehoee 
Fracdectl tin 3 GFR) 
Ayre BY 2 Ge my og =p, 
i= & z 
Ho se = & oa 
i 4 ie i ‘5 
jb ee Mok 
. ‘Young Aged re er) OT young aed O"Young Raed 
Age 
D TOPGAL Controt —E 
Young Aged Aged * * 
— ina 
2 
3 3" 
= al ? 
i 
ma 


. ‘ 
Z 
fac 


(G5K3 p posse (6) 


Fig. 3. Enhanced Wnt signaling in aged muscle and in myogenic progenitors exposed to aged serum. (A) 
‘Axin2 transcript levels assessed by real-time reverse transcription polymerase chain reaction from satelite 
cells obtained by FACS-sorted Syndecan® cells (fg. $6) from uninjured muscles of young and aged mice. 
(B) {Gal activity (normalized to DNA content in fiber-associated cells isolated from uninjured muscle of 
TOPGAL mice of different ages. [-Gal activity of aged-matched wild-type controls was subtracted to 
normalize for any endogenous activity. "P < 0.05.) (C) FACS analysis of active GSK3)S and f-catenin 
(GSK3 and p-catenin’, respectively in myogenic progenitors isolated from myofibers cultures from young 
‘and aged animals. Graphs show the percentage of all myogenic progenitors (Syn-) that were also positive 
for GSK3)s* or frcatenin’. (+P < 0.05.) (D) Muscles of young and aged TOPGAL mice were injured, and the 
muscles were analyzed 2 days later. Cryosections were incubated with a f-gal substrate (X-gal) that is blue 
after enzymatic conversion (top) and DAPI (bottom). X-gal staining in aged, wid-type littermate showed 
negligible endogenous (-gal activity. (E) Analysis of Wnt signaling activity in myogenic progenitors derived 
from muscle fibers of TOPGAL mice. Celis were incubated in young or aged serum for 17 hows in the 
presence or absence of a soluble Wnt inhibitor, SFRP3. The f-gal activity was quantified and normalized to 
DNA content. The data are presented relative tothe leves of f-gal activity in cells exposed to young serum. 
(+P <0.05,)(F) Analysis of GSK3)S" in myogenic progenitors isolated from parabiotic pairs. Labeling as 
in Fig. 1B. (*P < 0.05; "*P <0.01,) (G) Wnt reporter gene expression in LSL cells exposed to serum 
obtained from young and aged mice and incubated with agarose beads conjugated with chimeric Frizdled 
receptors (Frz1-Fc, Fr27-Fc) or IgG control. Cells were incubated for 24 hours, and luciferase activity was 
‘quantified and normalized to f-gal activity. ("P< 0.05.) 


Hetero ho Hetero 


wwwsciencemag.org SCIENCE VOL 317 


We tested whether the observed hetero 
chronic parabiotic effects (Fig. 1) were associ- 
ated with corresponding changes in the Wnt 
Signaling pathway. Indeed, in heterochre 
cells from the aged partners exhibited 
and cells from the 
young partners showed increased Wnt signaling 
‘compared with that seen in cells in isoehro 
3F), Thus, circulating factors in 
pear to convey signals that result 
in enhanced Wat signal 
To test for the presence of components of 
serum capable of activating Wnt signaling by 
binding to Frizzled receptors, we use a chi- 
meric Wat receptor fusion protein, Frizzled 
to deplete the serum of such activity (fig. SS) 
‘Serum was incubated with conjugated Frizzled 
Fe or immunoglobulin 1gG-Fe control and sub 
sequently tested for its effects on a exll line 
(LSL) in which luciferase expression is 
pendent on activation of the Wat pathway (15). 
When incubated with Frizled-Fe, 
aged serum that promoted Wnt signaling de 


cereased: there was no change in the 
young scrum subjected to the sume 
(Fig. 3G). 


experimentally to 
its effets on eel fate and muscle 
regeneration. Addition of Wni3A protein to young 
serum resulted i ed myogenic-t0- 
fibeogenic 


In vivo, the injection of Wni3A into young 
erating muscle 1 day after injury resulted in 
increased connective tissue deposition (Fig. 4B), 
phenotypically similar to regenerating aged mus. 
cle (fig. $1). Exogenous Wnt also reduced cet 
lular profiferation in young regenerating muscles: 
(fig. S9A), We therefore tested whether inhibiting 
Want sig wwed muscle would reduce fi- 
‘brosis and enhance muscle regeneration. Indeed, 
there was reduced fibrosis in aged rey 
‘muscle injected with DKK 1, whereas no 
\was observed in young muscle similarly treated 
(Fig. 4C). Injection of SFRP3 


wings demonstrate 1 


the systemic enviro 
tive in maintaining the myogenic 
le stem cells and, instead, 
to a fibrogenic fate In vivo 
with impaired muscle regenerat 
hanced fibrotic response. Thes 
sociated with increased Wnt signaling in the 
myogenic progenitors, possibly resulting from 
increased an ‘nt or Wat-like mole- 
cakes in the serum of aged animals. This gen- 
eralized role of Wat in promoting an 
nt with the find- 
ings of Liu ef al. from studies of the role of 
Klotho in tissue aging (/6). It is clear that 
Wots have multiple actions both developmen- 
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Fig. 4. The effects of the aged environment on 
myogenic progenitor cell fate and muscle regeneration 
‘are mediated by the Wnt signaling pathway. (A) (Top) 
The fate of myogenic progenitors from young mice 
incubated in young serum, with or without exogenous 
‘Wnt3A, or incubated in aged serum, with or without the 
Wht inhibitor sFRP3, for 112 days. (Bottom) Fate of 
myogenic progenitors from aged mice incubated in 
‘young serum or in aged serum, with or without sFRP3 or 
DKK1, for 1/2 days. The percentages of cells that 
acquired a nonmyogenic cell fate were analyzed 
morphologically and immunohistochemically as 
described in Fig, 2. °P < 0.05; "*P < 0.01.) (B) Effects 
of exogenous Wnt on muscle regeneration. Muscles of 
young mice were injured, and either Wnt3A (200 ng/10 
uD or control solution [20 jit of 0.1% bovine serum 
albumin (BSA)] was injected into regenerating tissues 
{day after injury. Cryosections were stained with Gomori 
stain. (©) Effects of Wnt inhibition on fibrosis in 
regenerating muscle. Muscles of young and aged mice 
‘were injured, and either DKK1 (500 ng/10 jl) or control 
solution (10 il of 0.1% BSA) was injected into 
Fegenerating tissues 1 day alter injury. Muscles were 
analyzed 5 days later. Cryosections were stained with 
antibodies against collagen Vi (green) and embryonic 
myosin heavy chain (red). The histogram represents the 
fibrotic index (asin Fig, 18). (*P < 0.01; *P < 0.05) 


ly (7). In contrast to the ine 
hibition of myogenesis reported here, Wnt sig 
naling may promote myogenic lineage progression 
during development (/8). Such pleiotropic ef 1 


fet 
Wot signaling with regard to the state of cellular 
differentiation or to changes in other interact 
ing signaling pathways during development and 
‘aging, Our results may provide a strategy to im- 
prove tissue repair, particularly under condi 
which regeneration is impaired and 
fibrosis is favored, such as in aging and mus- 
‘cular dystrophies. 
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International Conservation Policy 


Delivers Benefits for Birds in Europe 


Paul F. Donald,"* Fiona J. Sanderson,” lan J. Burfield,? Stijn M. Bierman,? 
Richard D. Gregory,” Zoltan Waliczky* 


Conservation of the planet’s biodiversity will depend on international policy intervention, yet 
evidence-based assessment of the success of such intervention is lacking. Poor understanding of 
the effectiveness of intemational policy instruments exposes them to criticism or abandonment 
and reduces opportunities to improve them. Comparative analyses of population trends provide 
strong evidence for a positive impact of one such instrument, the European Union's Birds Directive, 
and we identify positive associations between the rate of provision of certain conservation 
measures through the directive and the response of bird populations. The results suggest that 
supranational conservation policy can bring measurable conservation benefits, although future 
assessments will require the setting of quantitative objectives and an increase in the availabili 
of data from monitoring schemes. 


cause global threats to biodiversity are 
Bist stesso ome 
able in scale, and accelerating rapidly 


(2), Aheie solutions will depend largely on inter: 
national policy intervention. This was recognized 
in the formulation of intemational agreements 
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such as the Convention on Biological Diversity 
{CBD}; at least 20 regional or global consenva- 
tion agreements curently exist, absorbing a high 
‘proportion of global conservation resources (2). 
Evaluation of the impact of intemational conser- 
Vation policy intervention lags far behind that of 
most other policy fickls (3), largely because of a 
paucity of data on the response of the species to 
‘Which intervention is targcted (4, 5), This beads 
to a poor understanding of the cast effectiveness 
‘of the relevant policy instruments (6), reducing 
‘opportunities to improve them (7) and exposing 
them to criticism from both within and outside 
the conservation lobby (8). Although property 
implemented conservation legislation ean bring 
micasurable benctis to wikllife (7-17), evaluation 
hs hitherto had its basis either in an assessment 
‘of the provision of conservation resources, rather 
than the population responses of the target 
species 10 such provision, or in the responses 
‘of a small, possibly unrepresentative proportion 
Of the species or countries to which such leg- 
iskation was targeted, We assessed the impact 
‘of an international bird conservation policy 
that covers all member states of the European 
Union (EU) by using data on all the species 
‘and countries to which the agreement applies 
We aimed to provide an independent assess- 
ment of the extent {0 which a major interna 
tional policy instrument has resulted inthe 
livery of measurable conservation outcomes, 

Biodiversity conservation legislation in the 
EU is founded primaily on two directives, 
‘Council Directive 79,409EEC of 2 April 1979 
‘on the conservation of wilt birds (he Bints 
Directive) and Council Directive 92/43/BEC 
‘of 21 May 1992 on the conservation of natural 
habitats and of wild fun and fora (the Hab 
itats Directive). The Birds Directive set out to 
establish a framework and objectives. for the 
‘conservation of all birds throughout the EU, 
although the precise legal mechanisms for 
a this aim were lett to the discretion of 
individual member states. Central to the difee- 
tive was a fst (Annex 1) of species considered 0 
be particularly vulnerable oF rare oF to require 
special conservation measures (/2). Member 
states are bound by the directive to improve 
the conservation status of these species by pro 
tecting or enhancing their habitats, for example, 
though the designation of special protection 
areas (SPAs) (2), Furthermore, a number of 
‘general measures to protect populations of all 
bind spocies was also agreed upon. No quanti- 
tative tangets were set in the directive, so we 
developed five expectations that shoul be met 
for us to conclude that the ditective has had 
detectable positive impact. (i) We expected to 
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detect an improvement in the population trae 
tory of species listed on Annex I after the 
implementation of the directive, relative to that 
of non-Annex I species, within the original 1S 
‘member states of the EU (EUIS). Gi) We ex- 
pected any improvement in the population tra- 
Jectory of Annex I species relative to non-Amnex. 
1 species in the EUIS to be significantly greater 
than that recorded in parts of Europe 10 which 
the directive does not apply. (ii) We expected 
trends of Annex I and non-Annex I species 10 
‘be more positive within the EUS than outside 
it, (iv) We expected any positive impacts of 
Annex I listing 10 be most apparent in species 
that have been listed for longest. (v) We ex- 
pected to detect a positive association across 
participating countries between the extent 10 
which the directive’s conservation initiatives 
were deployed and trends in bird populations, 
Our analytical approach has its basis in the 
statistical testing of these five expectations, 
“Major inventories on the status and popula- 
tion trends of all of Europe's breeding birds, 
colkted at a country level and covering the 
periods 1970-1990 and 1990-2000 (13, 14), 
provided the opportunity to evaluate the impact 
‘ofthe Birds Directive. In each period, population 
‘trends of each species in each European country 
were allocated a single population trend score: 
these have already been published (/3, /4) and 
formed the data we modeled 10 test the expec- 
tations described above. The availability of data 
from two time periods, and from within and 
‘outside the EU, permitted an analysis with ser- 
cendipitous characteristics of a highly replicated 
before-after-controbimpact (BACT) approach 
(13). This permitted comparison of trends before 


Fig. 1. Odds ratios 3 
(495% confidence tim 
its) from proportional 
‘odds models (16). Each 
bar indicates the ratio 
‘of two groups of spe- 
cies in their cumulative 
‘odds of being in a more 
Positive trend band in 
‘one of two time periods, 


“P< 001, 
***P < 0.000). The odds 
ratios indicate how many 
times higher the odds 
were of populations of 
‘Annex 1 species having 
more positive trends than 
‘populations of non-Annex 


REPORTS. [ 


and afier 1990, between Annex 1 and non 
Annex I species within the EU, and between 
Annex I species in the EU and the same group 
of species outside the EU (6), The use of a 
semi-experimental design based on both hori- 
zontal and longitudinal comparisons and the 
testing of multiple expectations maximized the 
likelihood that the observed pattems were caus- 
ally related to variables identified by the models 
as having significant explanatory power 
Because the aim of the analysis was to € 
amine the impact of Annex | fisting by using 
trends over the period 1990-2000, we limited 
comparisons 10 data from the EUIS, all but 
three of which joined the EU before the start of 
the 1990-2000 census period (/7), For the same 
reason, we restricted our list of Annex I speci 
to those added 10 the Annex before 1993 (/2). 
Because trends were recorded in bands of 
‘equal width (ordered from increasingly negative 
to increasingly positive population trends), we 
‘cated the response variable as ordinal and used! 
‘the proportional odds mod! 10 assess iffer= 
cences between groups of species in the cumu- 
lative probabilities of being in higher ordered 
trend bands (76), fier controlling for known 
variation within the database in trends between 
species using different habitats (14), between 
migrants and nonmigrants (19), and for the non= 
independence of trends within countries and 
species, we detected a highly significant effect 
‘of Annex | listing (Fig. 1). In the El 
I species were significantly more likely 
assigned to a lower population trond class than 
rnon-Annex I species in 1970-1990, However, 
this pattern was reversed in 1990-2000, whi 
Annex I species were significantly more likely 


91970-1990 
1990-2000 


| species in the EU15 (A) and outside the EU1S (B) in each time period. Significant positive 
deviation from an odds ratio of 1 indicates a significantly higher probability that Annex | species 
had more positive trends than non-Annex | species; odds ratios that are significantly smaller than 
1 indicate the reverse. The cumulative odds of species in the EU15 having a more positive pop- 
tlation trend than those in non-EU15 countries are shown for Annex I species (C), non—Annex | 
species (D), and all species combined (E). All models controlled for the known effects on trend of 
‘each species’ habitat and migration strategy and controlled for the non-independence of trends 


within species across countries. 
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10 be recorded in a higher population trend band 
‘than non-Annex I species (Fig. 1A), thus meet- 
ing our first expectation, Outside the EUIS 
although trends of Annex T species improved 
significantly compared to those of non-Annex 1 
species, they were no more likely to have more 
Positive trends than non-Annex T species in 
1990-2000 (Fig 1B). The difference in trend 
‘between Annex [and non-Annex I species did 
not differ between the EUIS and non-EUIS 
‘countries in 1970-1990 [difference in kog(odds 
0.17 + 0.22 SE] but was significantly 
eater in the EUIS than in non-EU1S counties 
in 1990-2000 [difference in logtoxids ratios) 
(0.52 = 0.18 SE]. Thus, our second expectation 
‘was met, 

‘There was no significant difference in trends 
‘of Annex [ species within and outside the EUIS 
in 1970-1990. However, by 1990-2000, Annex 
1 species in the EUIS were significantly more 
likely to be recorded in a higher tend band than 
the same group of species outside the EULS 
(Fig. 1C), a pattem that was not apparent in 
hon-Annex 1 species (Fig. 1D) oF across all 
species combined (Fig, TE). Our third expecta. 
tion was therefore party met. 

Between 1990 and 2000, species listed on 
Annex 1 of the Birds Directive fared significant- 
ly better on average than non-Annex 1 species 
within the EUIS, a patter not apparent in the 
saine groups of species outside the EUIS, This 
diflerence withstood controls for phylogenetic 
nonindependence (6) and was duc almost 
cemirely to trends of species that had been fisted 
‘on Annes I for nngest (lig. $1), supporting both 
‘our fourth expectation and a previous estimate 
(9) that the lag between policy intervention and 


Fig. 2. Plot of country 


‘estimates. of Loglodds os 
ratios) against the per- 
centage of land area 06 
designated as SPAS in 
the EU15 member states bad 
for Annex 1 and non— a 


‘Annex I species combined 
(means + SE and black 
regression line; slope = 


(UK=0) 
° 


Jog(odds-ratio) for country relative to UK 


(0.042). The odds ratios 02 
indicate the extent to oa 
which species are more 
‘or less likely to appear 06 
in more-positive trend 
classes than species in 08 


«a detectable population-level response exceeds 
10 years. Because the effects of both habitat and 
migration stratczy were controlled in the analy- 
ses, this difference could not be ascribed to 
Annex I species being disproportionately repre- 
sented in habitat oF migration classes that fared 
better than average. Nor could the difference be 
accounted for by the deliberate or fortuitous 
allocation to Annex I of species that were alk 
ready increasing, because most of these species 
were listed well before 1990, when their tends 
were significantly more negative than those of 
nnon-Annex I species (Fig. 1), Lastly, the di 
ference in trends between Annex I and non 
Annex 1 species in the EU could not be ex- 
plained by a general global increase in Annex 1 
species, for example in response to climate 
change, because outside the EUIS Annex 1 
‘ends were no different from those of non 
Annex 1 species, 

Evidence for a causal fink between policy 
intervention and species response (our fifth 
expectation) was found in the positive associa- 
tion across EUIS countries between mean spe 
cies trend and the proportion of land designated 
as SPAs (Fig. 2). This pattem was apparent for 
all species combined. and for Annex 1 and non 
Annex I species separately, and was significant- 
ly swonger for Annex 1 than for non-Annex 1 
species. Parameters of proportional odds models 
suggested that, for every additional 1% of a 
‘country’s land area designated as SPAs, the ods, 
‘of a species being in more-positive population 
trend classes increased by around 4% acess all 
species and for non-Annex 1 species and by 
around 7% for Annex. 1 species (16), The sig- 
cantly stronger response of Annex I species 


the reference country 0 
(UN, which has a value 
of zero and no SE. In 
‘order to graphically rep- 


%SPA 


resent this relationship, country effects of odds ratios were extracted from a proportional odds model of 
trend class, with migration strategy and breeding habitat also fitted as fixed effects and species fitted as 
‘a random effect. The regression coefficient differed significantly from zero (P < 0.02) and was estimated 
by fitting percentage of SPA cover directly as a covariate in 2 proportional odds model and including 2 
random country effect (16). A similarly significant positive association was apparent for Annex 1 
(regression tne only shown in blue, slope = 0.068) and non-Annex | (regression line only shown in red, 
slope = 0.036) species separately. A significant (P <0.01) interaction term indicated that the slopes for 


‘Annex | and non-Annex | species differed. 
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to the provision of SPAs is consistent with a 
causal link between the delivery of conservation 
measures through the directive and the response 
fof the target species because SPA. designation 
and management are targeted largely toward 
Annex I species, 

Therefore, four of our five expectations of 
4 positive impact of the Birds Directive were 
fully met, and the remaining one was partly 
met (populations of Annex 1 species, although 
not of non-Annex I species, had more positive 
trends in the EUIS than outside i), Furthermore, 
although trends of non-Annex I species did not 
differ between the EULS and other countri 
there was evidence that trends of these species 
\were more positive within the EUS in countries 
with higher deployment of SPAs. The data are 
therefore consistent with the hypothesis thatthe 
Binds Directive has brought demonstrable bene- 
fits to bird populations in the EU and that in- 
‘emational policy intervention can be effective 
in addressing conservation issues over large geo 
sgraphical areas, 

Our results support previous assertions 
(4, 5, 20) that relatively simple yet robust pop 
ulation monitoring ean play an important role in 
assessing the success of supragovemimental con- 
‘servation policies, as it already has in demonstat- 
ing the enviwonmentally damaging effects of 
intemational policy in other sectors (27), Much 
biodiversity monitoring is undertaken by volun- 
teers (22), making it inexpensive relative to the 
costs of developing and implementing, intema- 
tional policy. IF such policies were to provide 
support for monitoring, for example by eontrbut- 
ing 10 a global monitoring network (23), their 
success could he evaluated. Furthermore, seting 
‘angets that are both quantitative and measurable 
would inerease the resolution of subsequent 
assessments, Precise goals and specific measures 
for monitoring policy effectiveness should be 
designed and tested atthe time thatthe policy is 
implemented. Otherwise, quantitative assess- 
ments of policy intervention will continue to 
depend on post hoc, serendipitous analyses of 
the type presented here, Until policy and mon= 
itoring become mre integrated, the success of 
international conservation policies in protecting 
the planet's biodiversity or in achieving goals 
such as the CBD's 2010 target to reduce the rate 
‘of biodiversity Joss (24) will be difficult or im- 
‘possible to quantify, The prognosis for biouliver= 
sity is grim because this lack of feedback can 
‘only serve to weaken intemational policy inter- 
Vention at atime of unprecedented toss, 
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Adaptive Mutations in Bacteria: 
High Rate and Small Effects 


Lilia Perfeito,* Lisete Fernandes," Catarina Mota,’ Isabel Gordo 


Evolution by natural selection is driven by the continuous generation of adaptive mutations. 
‘We measured the genomic mutation rate that generates beneficial mutations and their effects on 
fitness in Escherichia coli under conditions in which the effect of competition between lineages 
carrying different beneficial mutations is minimized. We found a rate on the order of 10°* per 
‘genome per generation, which is 1000 times as high as previous estimates, and a mean selective 
advantage of 1%, Such a high rate of adaptive evolution has implications for the evolution of 


antibiotic resistance and pathogenicity. 


he rate at Which new mutations ase in 
I natural populations and their fitness ef 
fects are of key importance in evolution- 
ary genetics, Classical mutation accurmalation 
‘experiments have indisputably shown that among 
the spontaneous mutations that affect fitness, 
those that cause deleterious effects are far more 
‘common than those that cause increases in fit- 
ness. Whereas there are currently several direct 
and indirect estimates of the deleterious: muta- 
tion rate in different organisms, data are lacking 
for beneficial mutations (/). The latter are of 
prticular interest because they constitute the 
driving force of adaptation and survival of pop- 
ulations in new environments, 
everal theoretical studies have made some 
{general predictions about the long-term process 
‘of adaptation toward an optimum (2, 3). One 
prediction sugyests that the effects of beneficial 
(advantageous) mutations (s,) are exponentially 
distributed, in that many have very small effects 
and those that cause strong increments in fitness 
are rare (3) These ane plausible predictions 
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given that onganisms are in general well adapted 
to their environments, 50 only small and rare 
changes lead to fitness increases (#11) 

‘The true distribution of newly arising bene- 
ficial mutations in an organism in a given en- 
vironment is difficult to estimate because the 
probability of fixation of a beneficial mutation 
that increases fitness by s, is only 2s, which 
means that mutations of small effect are not 
likely to increase in frequency. This implies 
that the distribution of mutations that escape 
stochastic lass (become fixed or reach high 
‘enough frequencies to be observed) is trun- 
cated for small values (12, 13). In addition, 
clonal interference occurs in large populations 
with a high beneficial mutation rate (U) and 
no recombination and will slow adaptation 
(compared to sexual populations of the same 
size) (14). Namely, if multiple beneficial mu- 
tations appear in different lineages, they com- 
[pete with each other for fixation. This translates 
into an adaptation rate less than that predicted 
bby the mutation rate and population size, and 
into the fixation only of mutations of large 
effect (75). Recently, there has been a con: 
erable effort to predict the rate and distri- 
bution of beneficial mutations and the effect 
of clonal interference on the adaptation rate 
(16, 17). 
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Current estimates for Uy fall around 10° 
to 10 for RNA viruses and Escherichia coll 
(4. 5, 16). © similar beneficial mutation rate 
‘was estimated for Pseudomonas fluorescens 
under adaptation to stressful conditions (9). A 
caveat for all of these estimates is that they 
‘were obiained from populations with very lange 
cllective population size (Ne) and followed 
adaptation 10 new environment under con- 
ditions in which clonal interference had a strong 
elect. This led to downward biased estimates of 
U,. Here, we provide estimates for the genomic 
‘mutation rate for beneficial mutations in E. cv 
that are Tess biased by clonal interference, 

In this work, we used populations with an 
imermediate effective population size— big 
enough that genetic drift is unlikely to drive 
slightly deleterious mutations to a high frequen- 
cy but small enough to minimize the effects of 
clonal interference between beneficial muta- 
tions, To estimate the beneficial mutation rate 
and the distribution of fitness effects of single 
mutations, we used a microsatellite marker sys- 
tem pioncered by Imbof and Sehlotterer (4). 
Mutations at a microsatellite locus coded by a 
‘nonconjugative plasmid can generate neutral al 
Ielic diversity in a very short time (4, 18), and 
selective sweeps, oceurring in the bacterial 
n be identified by following the rapid 
increase in the frequency of the linked micro- 
satellite allele (4), 

We allowed populations of £: eolf to adapt 
toa given laboratory environment for 1000 gen- 
erations and followed the allelic distribution 
of the microsatellite at periodic intervals, From 
this distribution, the number of mutations that 
escaped stochastic loss during this period was 
inferred for populations with a small effective 

x 10°) and for populations with a 
fective size (Ne ~ 10"), The latter 


previously published (4, 16, 19). 

‘The beneficial mutations that escape stochastic 
Joss are expected to follow a gamma distribue 
tion with shape parameter 2 and with a mean 
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‘equal to tie that of the distribution ofthe spon- 
taneously arising mutations (/6). Figure 1 shows 
the observed distributions of effects of favor- 
able mutations segregating in the populations. 
{In the populations with the smaller effective size 
(Ne= 2 * 10%), the mean value of the selection 
coefficient [Als,)] measured was 0.013, which is 
slightly smaller, although close to previous 
estimates (4, 16), In these populations (Fig. 
1A) we find that a gamma distribution with such 
parameterization provides a good fit to the data 
(Kolmogorov-Smimov: not significant, P = 0.6). 
In Fig, 1B, we show the distribution of selective 
ceflgets measured in the populations with larger 
ceffcetive size (Ne = 107), As expected, in these 
Populations, the efleet of clonal interference was 
ranly observed in the distributions of micro- 
satelite allelic variation [for an example, see fig. 
(19) As predicted theoretically (5), the 
between clones camrying 
neficial mutations is refleted in an 
increased value of the mean selective effect of 
mutations segreyating in the population [E(s,) = 
(0023, as shown in Fig. 1B}. This is because 
many newly arising beneficial mutations of small 
effect are fost in competition with mutations of 


anger effect. 
‘To measure the rate of spontancous bene- 
ficial mutations, we quantified the total num- 


ber of mutations that escaped stochastic loss 
in all the populations with the same effective 
size during the course of the experiment. We 
‘observed 7 such events in the populations 
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Fig. 1. Distribution of fitness effects of beneficial 
mutations that escaped stochastic loss, measured 
in populations of NM, = 2 x 10* (A) and N, = 10” 
(B), The oay bars show the dstrbuton of elles 
‘of beneficial mutations inferred in the experi- 
mental populations and the white bars corre- 
spond to a gamma distribution with shape 2 and 
stale parameters 158 (A) and 85 (B). Both dis- 
tributions are supported by the data [Kolmogorov- 
‘Smimov: P = 0.6 in (A) and P = 0.5 in (B); not 
significant). 
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ith Ne ~ 2 * 10* and 87 in the populations 
with Ne = 107. Assuming that the effect of 
clonal interference is negligible, in the pop- 
ulations with larger Ne we would infer a mu- 
tation rate of 2 * 10°* beneficial mutations per 
‘genome, per generation (20, 21). This value is 
close to those previously measured for this 
species with the use of populations with sim- 
ilar effective sizes (4, 16), However, with such 
a large Ng, the effect of clonal interference is 
very important and leads to an extreme under- 
estimation of the tue value of Uy, Indeed, in 
the poputations of smaller effective size, our 
estimate of the mutation rate was 1000 times 
= 2» 10° beneficial mutations 
per generation (20, 21). Given 
that clonal interference is much weaker in 
these populations, we take this value to be a 
much more accurate measure of the real Uy. 
‘To complement these results, we measured 
the mean fitness of each evolved population 
relative to the ancestral one. Mean fitness of an 
evolved population was asewed by its com- 
Ptitive ability against a reference strain (79). As 
expected in view of the results obtained abow' 
there was an overall increase in fitness in all 
populations afler 1000 generations of adapta- 
tion. In the populations with the smaller Ne, this 
increase was about 17% which, as expected, 
was smaller than the one observed for the pop- 
ulations with a larger (overall mean inerease 
in fitness of 40%). We then asked if our es- 
timates of U, could explain such inerements in 
fitness (22). To do this, we compared the 
results of Monte-Carlo simulations of adaptive 
evolution, assuming several different values of 
U, and E(s,) with those obtained in the exper- 
iments (/9). In all the simulations, we assumed 
that the distribution of incoming beneficial mu- 
{ations is exponential and that matations interact 
ina mubtiplicative way (2, 23). Different combi- 
nations of U, and Eis) were consistent with the 
fitness increase in populations of a given 
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fective size, but the set of parameters that more 
dlosely matched the combined data of both 
population sizes was Ui, between 10° and 10 
and Ais.) between | to 2% (Fig. 2). These pa- 
rameters agree with the estimates obtained from 
the microsatellite allelic distribution (small ef 
fective size populations in Fig, 1, in which the 
measured mutation rate was 2 * 10°), Its also 
dear that a mutation rate of about 10° or 10% 
{as inferred in other experiments (4, /6)] cannot 
explain the fitness increases observed. 

ur results show that the mutation rate 10 
new beneficial alleles is 1000 times as high as 
previously inferred in the san Aerial species 
(4, 16). The difference in results can be ex- 
plained by the differences in the eflective pop 
ulation size analyzed. If only very large effective 
sizes are analyzed, and the effect of clonal inter- 
ference is not accounted for, then our estimates 
for U, and E(s,) for the populations with Ny = 
107 are similar to those previously obtained 
(Fig. 1B). However, if these estimates were close 
to the true values, then we would not expect 10 
see the sweeps of beneficial mutations in the 
populations with lower Ne that we observed (Fig. 
1A), Hence, neglecting the effect of clonal in- 
terference underestimates the value of Uy. In 
addition, we showed that clonal interference 
changes the distribution of segregating muta- 
tions: When comparing the distribution of ben 
eficial mutations for the populations with 
high Ne, (strong effect of clonal interference) 
with that for populations with low Ne (Fig. 1, 
‘A and B), a significant difference was ob- 
served (Kolmogorov-Smimov: P = 0,001), As 
predicted theoretically (/5, 24), we observed a 
distribution with a higher mean selection 
coefficient when the effect of clonal interfer 
cence was stronger. Inthe limiting ease where 
the supply of new beneficial mutations per 
generation (NeU) is very high, the speed of 
adaptation will no longer depend on NeU but 
‘on the mutations of largest effect available, be- 


Log (Us) 


Fig. 2. Mutation rates (U,) and mean effect of beneficial mutations [E(s,)], used as parameters in 
‘Monte Carlo simulations (29), which produced mean fitness increases consistent with those 
‘observed in the evolved populations (difference was not significant; Student’ f test P > 0.05). The 
circles show the parameter values consistent with the mean fitness observed in the populations of 


Ne 


% 10° and the triangles in the populations of Ne 


10". 
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cause these are the only mutations that will fix. 
‘This might belp explain why similar beneficial 
mutation rates are estimated in very diverse or- 
‘ganisms under very diverse environments, These 
‘estimates are obtained in populations with very 
large effective sizes (4,5, 9, 16, which are fike- 
ly to produce strong underestimations of Uy. 
Itis plausible that, in natural habitats, pop- 
ulation sizes will be large. Ifthe 
‘of a bacterial species is much higher than 10* 
(25), then our results imply that clonal imter- 
ference plays a major role in limiting the adap- 
tation of these asexual organisms. As such, if 
there is a chance for recombination, clonal in- 
terference will be much lower and organisms 
will adapt faster. This has been predicted the 
‘oretically (4), although the empirical evidenes 
is still very preliminary (26, 27). Given our re= 
sults, we anticipate that clonal interference is 
important in mainuining sexual reproduction 
in eukaryotes. Notably, mutation accumutation 
experiments in Saccharomyves cerevisiae and 
Arabidopsis thaliana have detected a signiti- 
cantly large number of mutants with increased 
fitness (28, 29) 
Given the estimates for the overall mutation 
c in E. coll (30) and its genomic deleterious 
ton rate (7), our estimate of U, implies that 
1 in 130 newly arising mutations is beneficial 
and that 1 in 10 fitness-aflecting mutations in- 
‘ereases the fitness of the individual carrying it 
Hence, an enterobacterium has an enomotis 


jective size 


ut 


potential for adaptation and may help explain 
how antibiotic resistance and vinulence evolve 
0 quickly 
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Divergence of Transcription 
Factor Binding Sites Across 
Related Yeast Species 


Anthony R. Borneman, * Tara A. Gianoulis,? Zhengdong D. Zhang,? 


Haiyuan Yu,” Joel Rozowsky,” Michael . Seringhaus,” Lu Yong Wang, 


Mark Gerstein,”** Michael Snyder**" 


Characterization of interspecies differences in gene regulation is crucial for understanding the 
molecular basis of both phenotypic diversity and evolution. By means of chromatin 
immunoprecipitation and DNA microarray analysis, the divergence in the binding sites of the 
pseudohyphal regulators Ste12 and Tecl was determined in the yeasts Saccharomyces cerevisioe, S. 
‘mikatae, and S. bayanus under pseudohyphal conditions. We have shown that most of these sites have 
diverged across these species, far exceeding the interspecies variation in orthologous genes. A group of 
‘Stel2 targets was shown to be bound only in S. mikatae and S. bayanus under pseudohyphal 
Conditions. Many of these genes are targets of Ste12 during mating in 5. cerevisiae, indicating that 
specialization between the two pathways has occurred in this species. Transcription factor binding sites 
have therefore diverged substantially faster than ortholog content. Thus, gene regulation resulting from 
transcription factor binding is likely to be a major cause of divergence between related species. 


ifierences in related individuals are 
D= lly attributed to changes in gene 

composition andor alterations in. their 
glation. Previous efforts to examine diver- 
‘gence of regulatory information have relied on 
the analysis of conserved sequences in puta- 
e promoter regions (/, 2), However, these 
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approaches are limited because transcription 
factor (TF) binding sites are often short and 
degenerate, making their computational detec 
tion dificult (3). In addition, requiring the con- 
servation of motifs across species precludes the 
detection of sequences that are evolutionarily 
divergent. 
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‘The detection of binding s 
immuniopreeipitation and microarray (ChIP-chip) 
analysis (4, 5) offers the ability to globally mays 
‘TF binding locations experimentally rather than 
«computationally. For species such as yeasts, where 
genome sequences of numerous related species 
are available (6), this approach can allow for the 
evolutionary comparison of binding sites of con- 
served TFs across species. 

We have used this approach to investigate 
evolutionary divergence in the targets of two 
developmental regulators in the Saccharomnvces 
sensu stricto yeasts S. cenevisae, S. mikutae, and 
S. hayunus. In S. cenevisiae diploids, Ste12 and 
Teel act cooperatively to regulate genes during 
pscudohyphal development (7-9), whereas in 
haploil cells, Stel? regulates mating genes 
(10), The binding sites of Ste12 and Tee! were 
mapped in all three species under low-nitrogen 
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(pseudohyphal) conditions with the use of trpli- 
cate ChIP-chip experiments and species-specific 
high-density oligonucleotide tiling microarrays 
(fig. SI) U2), Ste12 bound to 380, 167, and 250 
discrete sites, whereas Tec! bound to 348, 185, 
and 126 sites, in S. cerevisiae, S. mikutae, and 
S. hayumus, respectively (tables SI to $6). For 
each species, the two factors bound to a high 
proportion of common regions (86, 80, and 
N7nlorS. corvisiae, S mikatae, and S. bayanus, 
respectively), suggesting that the cooperative 
interaction observed between Ste12 and Tee! in 
cerevisiae is conserved across the thee Sac 
charomyces species. 

Analysis of the signal tracks allowed for 
ielobal comparisons in TF binding 1 be made 
among the species, revealing qualitative and 
‘quantitative differences in ChIP binding regions 


(Fig, 1A), To systematically perform interspecies, 
comparisons, we removed regions that were not 
represented across all three yeast genomes (/2), 
‘Comparison of the overlap in binding across spe- 
ces as a fiction of rank order revealed sig- 
nificant binding differences throughout the rank 
‘onder, indicating that even strong targets fiom one 
species may not be hound in the others (Fig. 1B). As 
a contro, replicate experiments from S. cerevisiae 
(22) displayed >98% concordance in binding. 
Overall, three classes of TF binding events 
were observed: those conserved acrass all three 
species, those present in two of the three species, 
and species-specific binding events (Fig. 1C), OF 
the 221 and 25S targets bound in total by Ste12 
and Teel. respectively, only 47 (Ste12, 21%) and 
30 (Teel, 20%) targets were conserved across all 
three species (Figs. IC and 2A), The conserved 


binding events were present throughout the rank 

er. indicating that both highly occupied and 
Iess-occupied regions are conserved (tables S7 and 
'S8). To ensure that these binding differences were 
not due to the scoring threshold used, we cal 
culated signal distabutions for unbound orthologs 
of target regions (/2), Of the unbound orthologous 
regions, 80% had signals similar to background, 
indicating that most will be unaflected by thresh- 
‘old changes (fig. S2), Even when identical binding 
gions were used, 23% differed in their intensity 
by at east 1.5 fold between species (a between 
S cerevisiae replicates), suggesting that gus 
tive differences exist in site oceupation or binding 
strength between species (Fig, 2B and tables $9 
and S10), Thus, most target genes were bout 
only one oF two of the three species, indicat 
considerable divergence in binding sites across 
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Fig. 1. (A) Ste12 and Tec1 bind to discrete regions of chromosome IK ofS cerevisioe (blue), and S. bayanus (green). bp, base pars. (B) Rankorder analysis of Ste12 and 
and to orthologous regions of S mikatoe and 5. bayanus. ChiP-chip enrichment by Tecl GhiP-chip tagetsin . cerevisiae ed). mikatoe (bie), and. bayanus (green) 
Tecl and Ste12 (log 2 ratios is shown relative to ORFS ofS. ceevisioe (eS. mikatoe (12). (O Gene target overlap across the three Saccharomyces species. 
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these yeasts (Fig, 2C), Because the fraction of 
nonconserved genes among S. cerevisiae, S. 
‘mikatae, and S. bayamus is less than 0.05% (2), 
the amount of variation in TF binding is 
substantially ager than that of gene variation. 

(One possible cause for the interspecies differ- 
‘ences in the ChIP binding locations is divensence 
in binding site sequences. To examine this pos- 
sibility, we investigated sequence motifs in both 
bound and orthologous unbound regions across 
the three Saccharomyces species. Position weight 
matrices (PWM), representing the putative bind- 
ing motifs for Ste12 and Teel, were generated 
from the ChIP-chip data (/3), Analysis of the 
‘Tee! targets ofthe three species revealed an over- 
represented sequence motif that matched the 
known Tee! consensus (7) (Fig. 3A), whereas the 
targets of Ste12 in S. cerviviae and S- mikutae 
revealed a motif that was similar to the known 
binding sequence (/4) (Fig. 3B), This sequence 
‘was not overrepresented in S.A 

With the use of the PWM. sequences, ChIP 
bound reions and omthologous unbound regions 
from each species were then scored for the 
presence of each motif (/5). There were several 


significant classes of TF binding events, with 
those genes bound by all throe factors present 
near the top of both the Tec! (all bound, motif in 
all) and Ste12 (all bound, with and without motif) 
lists (Fig. 3, C and D). For promoter regions that 
displayed evolutionarily conserved ChIP binding 
in all three Saccharomyces species, 83% (Tee!) 
and 24% (Ste12) ofthe regions contained atleast 
‘one significant occurrence of the PWM motif for 
that factor in cach species (Fig. 3, E and F), In 
contrast, 2 and 62% of the promoters that 
displayed conserved ChIP binding did not 
‘contain 3 match to the PWM in at least two of 
the three species. Thus, the Stel2 motif is not 
present in a high proportion of pseudohyphal- 
Responsive genes, implying that Tee! may target 
‘Stel2 to these regulatory regions (16). 

In contrast t0 the previous results in. which 
experimentally determined binding correlated 
With the presence of predicted motifs, there were 
many examples where a species-specific loss of 
binding andora loss of sequence have occurted. 
There were 48 (Teel, 14% of total binding 
events) and 35 (Stel2, 10% of total binding 
events) experimentally bound regions that con- 
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tained a PWM match where the orthologous 
region in at least one other species neither was 
bound nor contained a motif match, For these 
loci, loss of ChIP binding is concordant with the 
Joss of the motif for this factor, providing clear 
examples of regions where network evolution 
‘occured through the gain or loss of regulatory 
sequences, 

Furthemnore, there were 45 (Teel, 12%) and 
9 (Ste12, 3%) instances where a PWM match 
‘occurred inall three species but where that region 
‘was experimentally bound in only ‘wo species 
2D), Bither these loci ane occupied at other 
‘eycle or they are not functional 
Conversely, in 11 (Teel, 3%) and 22 (Stel2, 6%) 
instances, genomic regions displayed conserved 
(ChIP binding, but at least one species was miss 
a PWM motif match (Fig. 2E). Thus, sequence 
‘conservation does not readily pre 5 

To further examine the role of conserved ver= 
sats nonconserved ChIP binding events and mo- 
AifS, we compared these results with expression 
microarray studies of pscudohyphal formation in 
S eenviviae (17). OF the ChIP binding gene 
targets that had significantly altered expression 


Fig. 2. Comparison of binding by Ste12 and Tec across S. cerevisie (re, 5 
mikatoe (blue), and S bayanus (green). (A) Conserved binding. (B) Conserved 
binding with quantitative signal diflerences. (C) Conserved binding with loss of 
‘consensus sequences in one species. (D) Species-specifi binding despite conserved 
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consensus sequences. (E) Binding only in S. mikatoe and S. bayanus. Chip-chip 
‘enrichment signals ae shown (lg 2 ratios). Greles and squares represent matches to 
Tecl PW and Ste12 PWM respectively. Triangles, nonconserved peaks; **, >2old 
ifference in peak signal intensity *, >1.5-fold difference in peak signal intensity. 
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207% of the ChIP targets, a several-fold enrich- 
ment), there was no enrichment for genes with 
conserved binding (11% bound versus 14% un- 
bound) or PWM matches (12% with motif 
Versus 16% without motif) (table S11), Thus, 
sequence-based motif analyses in the absene 
Wf experimentally determined binding data are 
not sufficient for the accurate prediction of TF 
binding profiles and gene function, In addition, 
the presence of nonconserved ChIP targets up- 
siream of pscudohyphal-regulated genes at the 
‘sume frequency as conserved targets indicates that 
nonconserved site are likely to be functional 
Toclucidate the biological importance ofboth 
the conserved and species-spec 
‘we mapped each bound region to its de 
target genes by identifying open reading frames 
(ORFs) that were 3" of and directly Nanking each 
UIP binding event (ables S7 and $8), Con- 
served! Stel? and Teel gene targets displayed 
nrichment for two gene onte 
categories" 
of transe 
promoters” (Fig. 4A). Because most of the 
fiom within the second category encode TF 
predicted downstream TF networks of 8. baya- 
‘mus and S; mikatae were compared to those of § 
exrevisiae (19) 10 hich connections 
56% hhad been maintained during the evolution of the 
om Saccharomyces. sensu stricto group (Fig. 4C), 
The bindin Teel to downstream 
‘TFs was shown to be highly conserved (73% 
across the three species). The network of 
‘mikatae was most diverged and had several key 
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Fig, 3. Motif analysis of ChiP bit 


9 targets. Logo representations of the PWA for Tect (A) and Ste12 
(B) (22). (C and D) Classes of binding targets after classification by both the conservation of ChP binding 
and the presence or absence of consensus motifs. (E and F) Compiled proportions of binding targets and 
PWM matches for Tecl and Ste12. 


Fig. 4. (A) Ste12 and Tect bind 


to common and distinct sets of S.cerevisiog ogg Ratios 


genes across the Saccharomyces momar 
sensu stricto lineage. Overrepre- Fue 22 
sented GO terms ate listed for ae = 

‘each combinatorial category. (B) 

‘Mating genes bound specifically crmsazn 170 
by Ste12 in S. mikatae and 5. aes ey to 
‘bayanus. (C) TF network conser- Seoauescfberecounnes ary in 
vation in S. cerevisiae (red), 5. #567109 race bed 
‘mikotae (blue), and S. bayanus cere ed 
(aren), ete a ay (weus7e% 131 
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regulatory omissions including Flo (not bound 
by either Ste12 or Tec!) and Mgal (not bound by 
Ste12). Thus, although important differences can 
be found, TE binding to the promotersof other TFs 
\was highly conserved between species relative to 
the level of conservation observed for other genes. 
From those groups of genes that didnot 
display conserved binding across the three spe 
cies, one notable class was bound by Stel2 
specifically in S: mikatae and S bayanus and was 
enriched in genes involved in mating (GO 
category: “reproduction in single-celled onga- 
in S. cerevisiae (Fig. 4, A and B). Unlike 
the gene targets in the diploid cells used in this 
these genes are targets of Stel2 in haploid 
ceclls (20, 27), and this differential 
us despite the presence of conserved 
Stel2 binding motifs (fig. $3, Thus, Stel2 
binding targets may be occupied under different 
‘conditions across related species. In S cerevisiae, 
Stel2 binds to these sites only during mating 
whereas in S, mikatue and S. havunus, Stel2 
binds to these same regions in diploid cells 
‘To extend this study outside of Saceharomy= 
‘ces yeasts, we also mapped the binding of the 
Candida albicans Ste\2 onbolog. Cpht (22) 
Cpht functions in the dimorphic switch of this 
yeast, # process that shares many gen 
ponents with pscudohyphal growth (23), A total 
(52 ntpht ChIP binding events (table 
detected under dimorphic growth 
conditions, with many residing upstream of 
known pathogenicity determinants (24-27) 
From these gene targets, 33 have revognizable 
‘onhologs in 8: cerevisiae, and of these ombologs, 
10,10, and 13 displayed conserved binding with 
S. cerevisiae, S. mikutue, and S. bayanus, 
respectively. Although most gene targets of 


phi in C. albicans are not conserved with the 
Saccharomyces species, the C. albicans ortho- 
logs bound by Ste12, like those from S. mikatae 
and S. bayanus, included a significant number of 
‘genes that function during reproduction and 
mating in S. cerevisiae (P= 4 » 10) (18), Thus, 
in C albicans, ike in S. mikatae and S. bavanus, 
the Ste12 onholog also binds to genes required for 
mati cerevisiae under filamentous growth 
‘conditions, raising the possibility that these genes 
have become more specialized in S. cerevisiae. 

‘We find that extensive regulatory chang 
exist in closely related species, which is consist- 
cent with a recent study that showed that distinct 
regulatory circuits ean produce similar regulatory 
‘outcomes in S. cerevisiae and C. albicans (28) 
Funthemore, although S. cerevisiae and S 
‘mikatae ace quite similar to one another at the 
nucleotide sequence Kevel, they are equally di 
ferent to cach other and to S; hayanus in their TF 
‘profiles. We expect thatthe extensive binding site 
differences observed in this study reflect the rapid 
specialization ofthese organisms for their distinet 
ecological environments and that differences in 
transcription regulation between related species 
may be responsible for rapid evolutionary adap- 
tation to varied ecological niches, 
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High-Speed Imaging Reveals 
Neurophysiological Links to Behavior 
in an Animal Model of Depression 


Raag D. Airan,** Leslie A. Meltzer,2* Madhuri Roy,* Yuging Gong,?* 


Han Chen,? Karl Deisseroth**t 


The hippocampus is one of several brain areas thought to play a central role in affective behaviors, 
but the underlying local network dynamics are not understood. We used quantitative voltage- 
sensitive dye imaging to probe hippocampal dynamics with millisecond resolution in brain slices 
after bidirectional modulation of affective state in rat models of depression. We found that a 
simple measure of real-time activity—stimulus-evoked percolation of activity through the dentate 
‘gyrus relative to the hippocampal output subfield—accounted for induced changes in animal 
behavior independent of the underlying mechanism of action of the treatments. Our results define 
a circuit-level neurophysiological endophenotype for affective behavior and suggest an approach 
to understanding circuit-evel substrates underlying psychiatric disease symptoms. 


he hippocampus, as an integral com 

| ponent of the limbic system, isa focus of 
depression research (1), drives other brain 
regions implicated in depression, and appears to 


www.sciencemag.org 


sere as a primary site of action for antidepres 
sants that inhibit pathological hyperactivity (2. 3). 
Complicating this picture, however, is evidence 
suggesting that antidepressants can stimulate 
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hippocampal activity. Antidepressant-induca hip- 
pocampal neurogenesis is Hinked to behavioral 
responses (4, 5}; moreover, excitatory hippocam 
pal neurons are injured by chronic stress (6, 7) 
Animal models have proven usefil in identifying 
molecular and cellular markers relevant to 
depression (8-10) but have not identified neuro 
physiological final common pathways relevant to 
behavior. Vollage-sensitive dye imaging (VSDI) 
couk! allow analysis of disease-related. neural 
activity on millisecond time scales, with micro- 
meter spatial resolution and a scope spanning 
entire brain networks (//), We applied VSDI 
to hippocampal physiology in the chronic mild 
sess (CMS) model, a well-validated rodent 
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model of core depressive behavioral symp- response (Fig. 1. C and D, and figs Si and area of the calculated region of interest) (/3) 
toms (2), omputing the maximal response amplitude was found to be linear in this stimulus range and 
Evoked activity was reconfed with VSDI in of each pixel (Fig. ID. top right, and fig. S3, reliable across slices (Fig. 2B). 
acute horizontal slices prepared from the ventral right) and the time at which this maximal am- To quantify behaviorally relevant hippocan 
hippocampus of adult rats (Fig. 1A) (13, 14). plitude occured (“phase”: Fig. ID. top left, and paldynamics ina rodent model, we applied CMS 
Signals reflecting local neuronal network activity fig. S3, lei). In our experiments, phase distribu- (Fig. 2A, left) or delivered one of two chronic 
Were extinguished by 2tihydroxy-6-nitro-7- tions were independent of treatment group and antidepressant treatments: the selective serotonin 
sulfamoybenzo) / quinoxaline-2-ione (NBQX) coherent in the region responding to simulation, reuptake inhibitor fluoxetine or the tricyclic anti- 
and p-2.amino-S-phosphonopentanoic acid (D- which was isolated computationally in blinded — depressant imipramine (the typical antipsychotic 
APS) and therefore required excitatory trans- analysis (Fig. 1D, bottom, and figs S4 to S6). A haloperidol served as a pharmacological control; 
mission (Fig. 1B), We used cross-correlation to simple metric of circuit response (total activity,” Fig. 2A, right), Depression-like behavior was 
extract reliable, quantitative features of the net- defined as the mean amplitude multiplied by the quantified, blind to treatment condition, in terms, 


Fig. 2. Voltage-sensitive dye imaging 
(VSD) of hippocampal network activity. 
(A) Representative flmstrip acquired 
using VDI. Elapsed times are relative 
to a single stimulus pulse applied to 
DG; warmer colors indicate greater 
activity (relative change in VSD fluo- 
rescence, AFIF), Data represent the 
average of four individual acquisitions. 
(B) VSDI signal is abolished by biockers 
of excitatory synaptic transmission (10 


JM NBQX and 25 j1M D-APS). GABAzine Fue 


(20 iM) and tetrodotoxin (TT, 1 Mt) Sees sabes saute 
application subsequently confirmed 
signal extinction, (C) Single-pixe re- 

sponse (AFIF versus time; top) from the ~ Ne ene 
indicated region to the given stimulus \ aa 1 

train (bottom), (D) Phase (op let) and D Pixel Response “i Stimulus Correlation 


amplitude (top right of maximal cor- 
felaton between the stimulus and envewre nny) gece Phase (rs) Ampitude (av) 


tesponse at each pixel. The synchro- 
—h—ew 


ously responding region was extracted 
sew |_ Region of Interest Extraction 


computationally, with the same phase NBQX + D-APS 


criteria applied to all treatment groups, 


on the basis of similar phase values of a * 
responding pels bottom; au, arb orsarel 


trary unis. NOX + D-APS + GABAzine + TTX 


reeainaninstent ———— 


or * 5°] Dentate Gyrus 9) CAN 
16. 31s 15. 
i i 
eo 810 10. 
= os 2 7 4 
00. ‘5100 200.300 450500” °0 160 200 300 400 560 
Cit CMS Cit Fix Imi Hal ‘Stimulus Current (yA) Stimulus Current (uA) 
c D Fig. 2. Hippocampal network dynamics in depression-related behavioral states. (A) 
2 Left: Chronic mild stress (CIS)-treated animals displayed increased immobility on 
315 4 S-min forced swim test (FST) relative to controls (Student's test, n = 6 animals 
2 per group). Right: Fluoxetine (Flx) and imipramine (Imi, but not haloperidol (Hal), 
gu decreased immobility [analysis of variance (ANOVA), F322 = 29.46, n = 5 or 6 
3 animals per group; Cr, controll. (B) VSDI total activity response to applied 
& 9. stimulus in DG (top left and center, n = 7 slices, ? = 0.9855) and CAL (bottom left 
z and right, n= 5 slices, r? = 0.9926). Left: Sample frames of DG and CA1 responses. 
8 7 (©) Activity of DG relative to CA2, calculated for each stice and averaged for each 
Se eas rR ‘animal, was reduced by CMS (Student's test, n= 6 animals per group). (D) Activity 
‘ Ctrl Fix Imi Hal OF DG relative to CAI was specifically increased by antidepressants (ANOVA, Fo.22 = 
12.74, m= 5 or 6 animals per group). Data are means SEM. *P < 0.05, “P< 0.01, *“*P < 0.001. 
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‘of immobility on the forced swinn test (FST): in 
this test, immobility is increased by CMS and 
decreased by antidepressants (75). In all drug 
experiments, a 48-hour delay between the last 
dose and behavioral assessment excluded acute 
drug effects on behavior that do not have rele- 
vant clinical correlates (76). Relative to controts, 
(CMS animals were more immobile overa S-min 
FST, indicating a depressed-like state (Fig. 2A, 
left), whereas. antidepressantreated but not 

c-tiwated animals showed less im- 
A, right) 

‘We then conducted VSDI of evoked activity 
in ventral hippocampal slices (J) trom these 
animals; blind to treatment condition, we probed 
both the dentate gyrus (DG) and CAL, hypothe- 
sizing different effects in the input and output 
hippocampal subfiekls (17-20). We found that 
activity propagation in DG relative to CAT pro 
ided the most reliable predictor of FST per 
mnnanee on an animal-by-aninnal basis (Fi 
was reduced in CMS-treated animals 
TA), whereas CAL activity was increased 
7B); the CAL contribution is compatible 
\ith results linking depression to elevated hippo- 
‘eampal output (2,3, 27) and the DG contribution 
is consistent with data suggesting reduced hip- 
pocampal activity in depression (4, 6), 

‘We found the apposite pater in antidepressant- 
treated animals (Fig, 2D and fig. $7), with in- 


‘Control 


CMS, 


creased activity propagation in DG (fig. S7C)and 
reduced activity in CAL (fig. S7D). These effects 
were specific to antidepressants; antipsychotic 
treatment showed no eflect on either subicld 
(fig, S7. Cand D), Again, the activity propagation 
in DG relative to CAL provided the most reliable 
(across-individual) indicator of the behavioral 
phenotype (Fig. 2D; 7 =0.5251, P< 10°, across 
(EMS and drug groups). 

‘To model clinical use of antidepressants, we 
next concomitantly administered fluoxetine dur- 
ing the last 2 weeks of S-weck CMS (Fig. 3) 
FST blinded to treatment condition confinmed 
that fluoxetine treatment reversed the behavioral 
effects of CMS (Fig. 3A), and VSDI demon- 
strated that the activity propagation in DG rel 
ative to CAL significantly accounted for this 
effet (Fig. 3, Band C), Onan individual-animal 
‘basis, this measure of activity propagation on the 
millisecond time scale regressed lincarly with 
the FST scores and explained more than half of 
the bidirectional behavioral variation (Fig. 3C; 
7? = 0.5545, P< 10°) across all four inde- 
‘pendent treatment arms. Open-feld texts (OFT) 
from the same animals provided a test of the 
specificity of the network dynamics phenotype. 
We observed no significant diflerences between 
_g10ups in locomotion or anxiety-related behavior 
‘on the OFT (Fig. 3, D and E), and there was no 
correlation between VSDI physiology and OFT 
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scores (Fit. 3F; 7 = 0.0306, > 0.4), indicating 
specificity for depression-relevant behavior. 

To address the cellular mechanism, we next 
probed for changes in hippocampal neurogenesis 
hypothesized to be relevant to depression [(4, 5), 
but sox (22)]-—in the same animals represented 
in Fig. 3. In accond with previous observations 
(4. 5), fluoxetine increased both the number and 
density of newbom neurons [as assessed by 
blinded, unbiased stercology of cells positive for 
S-bromo-2 deoxyuridine (BrdU) and Double- 
contin (Dex; immature neuronal marker) (13) i 
the ventral DG, both in the presence and absence 
4, A and B), whereas CMS alone 
ficantly alter the production (Fig. 4, 
‘Nand B) of new neurons despite behavioral and 
circuit dynamics effects in the sume animals 
(Fig. 3, Ato C), Similarly effective CMS did not 
affect the survival of newbom neurons (Fig. 2 
and fig. S12). These data indicate that cireuit 
dynamics changes ean account for bidirectional 
affective state modulation despite fundamental 
differences in cellular processes occurring during 
depressed-like state induction and treatment 

To test the capability of a temporally defined 
cohort of new neurons to modulate behav ior and 
circuit dynamies, we treated animals for 1 week 
‘with fluoxetine to up-regulate neurogenesis, fol- 
lowed by a 3-week delay t0 permit functional 
integration of neurons bom during treatment 
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Relative immobility on Forced Swim Test 


Fig. 3. Hippocampal network dynamics predict antidepressant treatment of 
depressed-tke states. Fluoxetine was concomitantly administered during the last 
2 weeks of S-eek CMS. (A) CMS increased immobility and fluoxetine decreased 
immobility in both control and CMS groups (ANOVA, Fs32= 19.24, n = 8 to 12 
‘animals per group). (B) Activity of DG relative to CAL was decreased in CMS 
‘animals and was increased by fluoxetine (ANOVA, F,.3« = 16.17, n= 6 to 12 
‘animals per group). (C) Linear regression of activity of DG relative to CAI against 
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Percent Tm in enter on Open Field Test 


FST scores for each individual animal ( = 0.5545, P< 10~*, n = 35 individual 
‘animals). (D and E) On the open-field test (OFD), no differences were observed in 
percent time in center [(D); ANOVA, F20 = 1.021, P> 0.05,. 
‘per group] or total distance [(E); ANOVA, Faz0 = 1.776, P > 0.05, n = 4 to 9 
‘animals per group). (F) Linear regression of activity of DG relative to CAL against 
percent time in center for each individual animal /? = 0.0306, P > 0.4, n= 25 


to 9 animals 


10 AUGUST 2007 


821 


822 


(Fig. 4C), In some animals, we ablated hippo- 
neurogencsis vi imadiation (10 Gy’day 

for 2 days) 1 month before drug exposure 
control experiments reveaked no effect of ir 
radiation alone iy, network: dynam 
ies, or behavior on this time scale (Fig, 4E and 
figs, $8 and S11). The fluoxetine pulse ave rise 
10 a temporally defined cohort of new neurons 
$13 and S14) and reduced FST 

nce blocked by iaition 
(Fig, 4E, to), indicating that inereased neuro- 
enesis indeed is required for these antidepres- 
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sant behavioral effects (5). However, irradiation 
alone did not affect behavior (Fig. 4E, top}. 
therefore, inhibition of neurogenesis is neither 
sullicient (Fig. 4E, top) nor necessary (Fig. 2A, 
left: Fig. 3A; Fig. 4, A and B: and fig. $12) 
induce a depressed-like state 

To quantitatively explore circuit dynamics 
‘modulation by the temporally defined cohort of 
new neurons, we conducted VSDI in the ventral 
hippocampus from these animals. The activity 
propagation in DG relative to CAL was indead 
increased (Fig. 4E, bottom), and only the DG 
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Fig. 4, VSDI resolution of neurogenest-dependent circuit dynamics changes underlying antidepressant 
response. (A) Representative confocal DG images labeled for BrdU (green), NeuN (mature neuronal marker, 
rea, and Dex (immature neuronal marker, yan). Arrowheads indicate BrdU* neurons. Scale bar, 50 um. (B) 
New neuron (BrdU*/Dcx") counts (top) and density (bottom) in ventral hippocampus (same animals asin 


Fig, 3) were increased with fluoxetine treatment but unchanged with CMS (counts: ANOVA, Fs. 
Fyn = 20.68; n = 6 to 8 animals per group). (C) One month after iradiation designed to ablate 


den 


61K 


hippocampal neurogenesis, fluoxetine or vehicle was administered for 1 week, followed by a 3-eek delay 
for newborn neuron incorporation. (D) Top: BrdU cell density was increased after fluoxetine teatment and 
substantially decreased with irradiation (ANOVA, F,24 = 29.72, n = 4 to 8 animals per group). Bottom: 
Fluoxetine treatment specifically increased the density of newborn neurons (BrdU"’NeuN) in DG [glial 


fibrilary acidic prote 


(GFAP), astrocytic marker; Student's t test, n = 6 animals per group]. (E) Top: 


Fluoxetine-treated animals showed decreased FST immobility; no effects were observed with irradiation 


(ANOVA, F525 = 7.757, 
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6 animals per group). Bottom: Irradiation blocked increased activity of DG 
Telative to CAL after fluoxetine treatment (ANOVA, F522 


3.997, n = 5 oF 6 animals per group). 
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effect was neurogenesis dependent (fig. S8, A 
and B), Although itmay be counterintuitive th 
small number of new neurons (23) could affect 
circuit dynamics, simple modeling predicted tha 
rare new neurons can increase the recruited active 
network area (fig. $9). We therefore analyzed 
SDI signal components (area and amplitude) to 
determine their contribution to the observed 
changes in DG physiology, and found that the 
Gircuit-level effect of a temporally defined cohort 
of Muoxetine-induced newbo 
activity is indoed due primarily t0 i 
tive DG area (fig. S8), a parameter readily detect- 
able by high-speed VSDI as demonstrated he 
‘These data suggest that behavioral changes 
can be linked to a common network dynamics 
phenotype without requiring a common etiology 
‘or mechanism such as neurogenesis. Indeed, we 
_propase that genetic or environmental factors with 
diverse cellular mechanisms (4-7, 17. 18, 24) that 
are operative in different individuals may exert 
bchavioral effects through a common actvity- 
Pewolation phenotype. Although many anti 
pressants are associated with inc 
risk and therefore could involve 


treatments clearly do not directly 
ppocampus, such as deep brain stim- 
ly targets Cy2S or 
s accumbens. However, DBS re 
activity in Cg25 (25), which receives ex 
drive from the hippocampus (2, 3, 2/), st 
ing that C25 DBS can intervene downstre 
aan overactive CAL, There had been no obvious 
\way to unify intoa single mod! the hippocampal 
atrophy seen in depression (7, 24) with the likely 
increased excitatory drive from hippocampus 10 
cortex associated with depression (2, 25). Our 
results sugwest thatthe increased subgenual cin 
alate activity in depression could result in pat 
from increased CA 1 activity, whereas the reduced 
intrinsic hippocampal function observed in de- 
pression is consistent with decreased DG activity 
Hippocampal dysfunction related to mood 
may be experienced cognitively [ex as hope 
lessness (26)), which can manifest clinically as 
pationts’ inability to foresee o a reason- 
able and hopeful plan within the environment 
Theoretical models of the dorsal hippocampus 
have described compa ns bet 
DG and CAL (19, 20) y 
indicates discrepancies between predictive infor- 
mation from DG and sensory information from 
the cortex. Depression therefore could be asso- 
ated with the failure to predict, navigate through, 
‘or adapt to environmental changes (experienced 
as hopelessness) resulting from filed ventral DG 
associative/predictive activity or increased error 
signals from CA. If that is the eas, the intensity 
of the resulting dysphoria may be modulated by 
anxiety or rewand pathways (amygdala, nucleus 
‘umbens, and mesolimbic dopamine projec 
tions) or the prefrontal and cingulate cortices (27), 
Indced, identifica 
physiological endophenotype may serve as a 
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starting point in mapping the network-level 
changes in other brain regions implicated in de 
pression. High-speed, circuit-level optical meth- 
‘ods are better suited than single-cell physiology to 
detect and quantitatively describe spatiotemporal 
dynamics (such as areal spread of activity) that 
may be altered in psychiatic disease. These 
circuit dynamics measures relate to how in- 
formation propagates rather than to a specific 
neural code. We propose that depression my 
depend on changes in the ability of information 
representations to onganize and percolate through 
sparsely active networks, 


References and Notes 

1 5. Campbell, G. Macqueen, .Paychitry Neurosci 29, 
417 (2008). 

2. HS, Mayberg et ot, Biol Psychiatry 48, 830 (2000) 

3. DA. Seminowicz et ol, Neuroimage 22, 409 (2004) 

4. LL Warner Schmidt, RS, Duman, Mippocampus 16, 
239 (2006), 

5, L Santarelli ol, Science 302, 805 (2003) 

6, C Mires, E Gould, Hippocampus 16, 233 2006). 

7. RLM Sapoaty, Ach Gen, Poychinry $7, 925 (2000). 


8 LH Teco, € | Nestle, Not Newosct 7, 62 (2008), 

9. WM Conan, DH. Marer, ER Kandel Annu Rev. 
‘Neuresc.23, 343 2000). 

10. LF. Gyan, A Helimes, Not Rev, Drag Discov. 4, 775 
‘205 

2A A. Grimald, R Hildesheim, Not Rev. Neurosci. 5, 878 
‘2008. 

12. P. Willer, Newropychabioiogy 52. 90 (2005). 

1B. See suppartng mateal on Science Online. 

14. 0. M. Bannerman et ol, Nevroxi. Bobehor. Rev, 28, 
273 (2008). 

1S. LF. Gyan, RJ, Valeting, |. Ludi, Newosc. Bobehoy. 
Re 29, 547 (2005). 

16. C.Léper Rubaleaba, | Luci, Neuropachophameclogy 
2, 191 (2000. 

7. 5.6. Walling. CW. Haley, Neurosci 24, $98, 
2008 

1B, 5. Bisel, 1. Ust, SG Beck, Snaps 20, 117 
4995), 

19. LE Usman, A.A. Grace, Neon 46, 703 (2005) 

20. ME Haseimo, H Eichenbaum, Neurol Netw. 8, 1172 
‘2005, 

21 WS. Mayberg et ob, Am. J Pychiony 156, 675, 
999). 

22. F.A. Henn, & Vallmay, Bik Pychiny $6, 146 (2008), 

23. HLA Cameron, RD. & MeKay, J. Comp, Newol 435, 
406 (2000. 


REPORTS. [ 


8S. Meknen, Annu, Rev. Neurosci. 22, 105 (1999). 
HS. Mayberg et l, Neuron 45, 651 2005). 

J. Nester eto, Neuron 34, 13 (2002). 

W. C Drevets, Cur. Opin. Newobiol. 11, 240 

2000. 

‘ie thank the Deserth lb, J. R. Muguenard, 

1D. Palmer, RC Malenka, and BK. Ormered for 
helplul iscusions. Supported by the National Istiute 
‘on Drug Abuse, the Natanal state of Mental Health, 
‘the MI Director's Poneer Award, NARSAD, the American 
Pychatic Institute for Research and Education, and the 
Sander, Culpeper, Colter, ingersten, Whitehall, 
Hexright, and Albert Yu and Mary Bechmann 
Foundations (KD. the Stanford Medical Sentist, 
Training Program (R.0.A); and a Stanford Bio-X 
‘predoctora fellonship (LAM), 


NRDR 


ry 


‘Supporting Ontine Materiat 
ewe clncemag.orcontentfll11 4440001 
Materials and Methods 

Figs St to 514 

Aelrences 


30 April 2007; accepted 28 jne 2007 
Published entine 5 Jly 2007; 

10.1126/«ience. 1144400 

lnc tis intrmation when cing this paper. 


Characterizing the Limits of Human 


Visual Awareness 


Ligiang Huang,™* Anne Treisman,? Harold Pashler* 


‘Momentary awareness of a visual scene is very limit 


jowever, this limitation has not been 


formally characterized. We test the hypothesis that awareness reflects a surprisingly impoverished 
data structure called a labeled Bootean map, defined as a linkage of just one feature value per 
dimension (for example, the color is green and the motion is rightward) with a spatial pattern. 
Features compete with each other, whereas multiple locations form a spatial pattern and thus do 
riot compete, Perception of the colors of two objects was significantly improved by successive 
‘compared with simultaneous presentation, whereas perception of their locations was not. 
‘Moreover, advance information about which objects are relevant aided perception of colors much 
more than perception of locations. Both results support the Boolean map hypothesis. 


‘any experiments have explored the 
Mires stata 

vision, chiefly through visual search 
tasks in which observers try to find a single 
specified target, which may or may not be 
present in a display (/-), Selection sometimes 
involves sequential checking of different ek- 
iments, whereas in other search tasks a parallel 
selection process can exclude all but a single 
target (3, 5), What has been scarcely investigated 
at all, however, is an even more fundamental 
question about human vision: What is the 
informational content of any single momen- 
act of conscious perception? 
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Consider. for example, the array of four 
colored disks shown in Fig. 1A. Can a human 
observer attend to all four disks and simulta- 
neously be aware of the presence of two blue, 
fone red, and one green disk? A recently: pro- 
posed theory of attention contends that we can- 
not (6). Acconging to this account, momentary 
conscious access, although flexibly controlled 
through voluntary attending, is nonetheless 
‘constrained to have the representational content 
fof a data structure termed a labeled Boolean 
map. There is evidence that visual perception 
analyzes the scene along a number of different 
‘basic dimensions, such as color, motion, spatial 
frequency, and orientation (3, 5, 7). The data 
structure of a labeled Boolean map may thus 
associate at most one value at a time for cach 
of these independent visual dimensions (for 
‘example, color is green and motion is rightward) 
as labels with a spatial pattem (i, the set of 
location values composing the Boolean map) 
(6). Here, we deal only with the case of 
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within-dimension competition, so the claim 
can be abbreviated for present purposes: as 


awareness of only a single feature value, A 
choice of three potential Boolean maps could 
represent either the red, the green, or the blue 


disk(s) in Fig 1A. These would afford the 
observer conscious access to both the location(s) 
and the color of the attended disk(s). On the 
other hand, the map couk! instead encompass 
disks of more than one color simultaneously, andl 
in that case there would be explicit awareness of 
all locations but not of the colors. Figure 1B 
illustrates the representational content of a few 
(but not all) of the possible percepts that might 
be elicited by these stimuli according 1 the 
present hypothesis. 

‘The claim that conscious access is limited! to 
a “one-feature-mnuiple-locations” format ener- 
‘tes numerous predictions (6). Here, we focus 
fon one especially critical and counterintuitive 
prediction, namely the proposed asymmetry 
between conscious access 10 multiple features 
and to multiple locations. The Boolean map 
theory predicts that multiple features can only be 
consciously accessed one by one, whereas 
muhiple locations can be accessed at the same 
time. 

In the first experiment, we presented two 
objects either at the same time (simultaneous 
condition) or one by one (successive con 
tion), followed by a single probe (either a 
color patch or a location marker, to be judged 
as having been present in the display or not), 
For any type of visual information (feature or 
location), if two such values cannot be ac- 
cessed at the same time, then observers should 
perform worse in the simultaneous condition. 
If, however, two such values ean be simulta- 
neously accessed without attentional limita- 
tion, then observers should perform equally in 
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Fig. 1. (A) A sample display. (B) Some possible states of awareness (possible percepts) when viewing 
the sample display of (A) in a single brief exposure. When only disks of one color are selected (eft two 
examples), both the locations of the disks and that color value can be consciously accessed. When more 
than one color is present in the selected disks (right two examples), only the locations of the disks, but 
nt their colors, can be consciously represented. In (B), the regions marked with plus signs stand for the 
selected regions of the Boolean map, and the flags stand for the color information that is associated 
with the selected region as a label. The selected region in the map and the color label constitute the 
‘only visual information that is consciously accessible at one time. 
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Results of Experiment 1 


Fig. 2. The method (A) and results (B) of exper- 
iment 1. We presented two objects either at the 
‘same time or one by one, Each frame was followed 
by a visual mask to limit processing to a brief 
exposure. In each trial the observer had to report 
‘whether a probe target color or location, presentest 
atthe end of the trial was present or absent. The 
performance (as measured by the mean of ac- 
curacy over observers) was significantly better for 
successive than for simultaneous displays in the 
color task (P < 0.005) but not in the location task 
(interaction significant, P < 0.02), 


the simultaneous and in the successive con- 
ditions (8, 9). Thus, the Boolean map account 
implies that, for judgments of color, the 
‘observers should perform significantly better 
vessive than in the simultancous 


in the su 
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a, whereas for judgments of Ie 
servers should perform cqually in both 
as. We compared observers’ perfor- 
mance in the successive and in the simult 

neous conditions for both colors and locations 


in this experim 
ways presented the 
jects very briefly and then masked them. The 
results are given in Fig. 2B, and they confirm 
the predictions. Moreover, simple quantitative 
modeling shows that the difference between 
successive and simultaneous conditions close 
ly fits the prediction from a strictly sequential 
model [Supporting Online Material (SOM 
text). suggesting that perceiving one color 
not only causes a moderate decrement in the 
perception of the second color, but may well 
prevent the perception of the second color 
altogether. 

In the sccond experiment, two squares 
were always presented simultancously. Squa 
1 appeared in the top or bottom location and 
was blue or yellow. Square 2 appeared in the 
on and was red or 


1¢ one below), we 


n the location of one 
square (the target). The two possible colors (or 
locations) of the target were shown along with 
the associated response keys (ext, “Heft j right 
k* would be shown for a location test on square 

shown in Fig. 3B). In priorinformation blocks, 
get was cither always square 1 or always 
square 2 across the whole block. Thus as soon 
as the display appeared, observers knew which 
‘square was the target. In no-information blocks, 
the choice of target varied randomly from trial 
to trial, although the association between colors 
and locations remained the same. For any type 
of visual information (feature or location), if 
there are attentional limitations on access, then 
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Fig. 3. The method of experiment 2. (A) How the 
‘two objects were presented in each display. 
‘Square 1 (indicated by gray tines) was presented 
in the top or bottom location, and this object 
could be blue or yellow. Square 2 (indicated by 
black tines) was presented on the left or right, 
and this object could be red or green. (B) Two 
‘examples of the displays. In this experiment, one 
group of observers was tested on the color and 
another on the location of one of the squares. The 
two possible colors (or locations) of the target were 
shown along with the associated response key (e.g, 
“left j right k°) In the prior-information condi- 
tion, the tested square was in the prespecified pair 
{e4, left-right and red-green) that remained con 
stant across the entire block, 50 the observers 
‘needed only to perceive the relevant object. n the 
‘no-information condition, the tested square ran 
domly varied from trial to trial, so the observers 
hhad to try to catch both objects to do the tasks. 


knowin, 
should 
object and perceive it 
the other hand, if two pres 
tions or colors) can be simul ly 
\without attentional limitation, then advance in- 
mation would not produce any advantage, 
Again, the theory claims that access 10 visual 
awareness is resricted to ane Feature a 


in advance which 


object will be tested 


ruiple locations. Therefore, for a task on 
values, the observers should perfom. substan- 
tially beter with the prior information than 
without: but no such benefit should be present 
fora task based on location values 

For the calor task, the accuracies were 72.6% 
for the no-information condition and $0.3" 
for the prior-information condition (a benefit 
0F7.7% P< 0.00001), For the locaton task, the 
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accuracies were 73.2% for the no-infomation 
condition and 75.4% for the prior-information 
condition (a benefit of 2.2%, significantly 
smaller than the benefit of 7.7% in color task, 
P-<0.001). The substantial asymmetry of effect 
of prior information in encoding feature values 
and location values provides distinctive support 
for the Boolean map analysis, 

‘Taken together, the experiments reported here 
[along with other evidence recently presented 
(6) are consistent with the claim that observers 
have conscious access to only one feature value 
at one time but have conscious access to more 
than one location simultancously. Does the 
present conclusion that only one feature ean be 
consciously accessed at any one time conflict 
\with the wellknown evidence for parallel feature 
processing in the visual search literaure (3, 5)? 
The parallel feature processing demonstrated in 
that research generally involves. the spatially 
prrallel rejection of homogeneous dstractors in 
search of feature tanget, a claim that is consistent 
with the Boolean map hypothesis, 

‘The present results can also be seen as 
showing that multiple location values ean be 
represented as a holistic pattern or surface (ie. 
‘observers can encode them together as a unit) 
thus avoiding competition, Feature values, on 

a.com 
parable sort of pattern in feature space (ex, 
‘color space), and thus each needs fis own sep 
arate visual representation, 


The Bookan map format is supported not 
‘only by the results of the very austere perceptual 
tasks investigated here but also by a range of 
results assessing observer’ ability to apprehend 
complex. patterns in relatively rich display 
such as matching, mentally rotating, or judging 
the symmetry of arangements of colors or ori 
cntations in lange grids of elements (6, 11, 12). 
In cach of these situations, it seems clear that, 
although people can abstract the spatial dis- 
tribution of one feature value ata time, even in 
complex pattems, they an¢ unable 10 become 
aware of the distribution of more than one fea- 
ture value at a te. 

This conclusion may seem at oxids with oF- 
inary introspection, which may suggest that we 
can become aware of a heterogencous world 
With many feature values at the same time, not 
the mere spatial distribution ofa single feature 
value. What is to be made of this paradox 
The sense that human observers have of being 
simultaneously aware of varied colors, shapes, 
directions of motion, and so forth may reflect 
experiences that are not occurring at any sin, 
instant but rather at different times. As_ son 
Philosophers have noted, our assessment of the 
‘content of our awareness may reflect not what 
We have in mind at one instant, but rather what 
we can readily fetch with a quick act of will (3), 
Recent studies on change blindness (/4-16) also 
suggest that visual awareness is starkly limited 
and that our apparently rich visual experience is 
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likely to be a substantial overestimation of what 
is actually consciously available 
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Immunization by Avian H5 Influenza 
Hemagglutinin Mutants with Altered 
Receptor Binding Specificity 


Zhi-Yong Yang,** Chih-Jen Wei,"* Wing-Pui Kong,* Lan Wu,” Ling Xu,* 


David F. Smith,? Gary J. Nabelt 


Influenza virus entry is mediated by the receptor binding domain (RED) of its spike, the 
hemagglutinin (HA). Adaptation of avian viruses to humans is associated with HA specificity for 
‘a2,6- rather than «2,3-linked sialic acid (SA) receptors. Here, we define mutations in influenza 
‘A subtype HSN1 (avian) HA that alter its specificity for SA either by decreasing 12,3~ or increasing 
‘42,6-SA recognition, RBD mutants were used to develop vaccines and monoclonal antibodies 
that neutralized new variants. Structure-based modification of HA specificity can guide the 
development of preemptive vaccines and therapeutic monoclonal antibodies that can be evaluated 
before the emergence of human-adapted HSN2 strains. 


he ability of influenza viruses 10 adapt 
"Tice itn st 

by several viral zene products [reviewed 
in (/)), Among them, the viral hemagglutinin 
(HA) is of particular interest; it binds to spe- 
cific sialic acid (SA) receptors in the respirato- 
ry tract that affect transmission (7-3). At the 
same time, it affects sensitivity to neutralizing 
antibodies, the primary determinant of immune 
protection (4, 5). The receptor binding domain 
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(RBD) within HA is composed of less than 300 
amino acids, situated at the outer surface on 
top of the viral spike (6-0). SA binding is 
mediated by a cavity bordered by two ridges 
(Fig. 1A), formed by loop 220 (amino acids 
221 19228), loop 130 (amino acids 135 to 138), 
and a helical domain at amino acids 190 to 197 
(numbering based on H3 A/Aichi2/68) (10). 
The structures of the HI. HS, and H3 HAs have 
been previously described (6-10), and the HI 
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and HS RBD show greater structural and 
genetic similarity to one another than to 113 
(Fig. 1A), 

To define mutations that change receptor 
recognition, we focused initially on differences 
between HS and HI (A/South Carolina 1/18), 
which recognizes «26-SA linkages, particu 
larly amino acids 190, 193, and 225 (Fig, 1B), 
Individual or combination mutations to create 
pscuddovinuses were made in which amino 
‘were replaced at certain positions, deseribed 
by the single-letter code for the amino acid 
(/).as for example, aspartic acid substituted 
for glutamic acid at position 190 (E190D). 
We also used a mutant suggested previously 
1 increase 42,6 recognition, Q226L.G228S 
(W), Surface expression of these HAS was 
confirmed by flow cytometry (fig, SIA), and 
pscudtotyped lentiviral vectors were produced 
afier cotransfection of neuraminidase (NA). 
Entry into 293A renal epithelial cells, which ex- 
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press both a2,3- and @2,6-SAs (fig. SIB), 
Was measured with a luciferase reporter. The 
E190D,K1938,G225D triple-mutant virus showed 
entry similar to the wildaype HA (ig. SIC), 
confirming its functional integrity: however, 
receptor specificity could not be defined with 
this assay, 

‘The SA specificity of different HAS was 
analyzed by a modification of the 
ceroarray method (/2) and by the resialylated 
HA assay (13). For glycan arrays, HAs were 
coexpressed with NA and purified (8). The 

90D,K193S,G225D mutation eliminated ree 
‘ognition of most «2,3-linked substrates. com 
pared with wild-type protein (Fig. 2, A versus 
B), The resialylated HA assay confirmed the 
loss of 42,3-SA recognition in the triple mu- 
tant and lack of «2,6 binding (Table 1), also 
seen in Q226L,G228S. Analysis of previously 
described mutants (/4) also revealed io 02.6-SA 
recognition (Table 1B). Finally, we identified 
‘mutations that increased 42,6-SA. recognition 
(Table 1C), particularly the S137A,T1921 var- 
iant that alters both the 130 loop and 190 
helix, This altered specificity was confirmed 
microarrays (table SI), These mu- 
jons represent alternatives by which the HA 
pt its substrate recognition; in the hast- 
mentioned instance, it increases c2,6-SA bit 
to be more similar, although not identical, to 
hhuman-adapted influenza viruses 

Immunogenie and antigenic differences among 
HAs with altered receptor specificity were 
analyzed by vaccination of mice with wikltype 
or the triple-mutant HA and generation of 
monoclonal antibodies (mAbs). Each mAb 
recognized mutant oF wikl-type HA coexpressed 
with NA with differential specificity (Fig. 3) 
‘One potent HS-specific mAb, 9EX, neutralized 
wild-type IHS but showed significantly re 
duced activity against the tripke-mutant pscudo- 
Virus (Fig. 3B, let). In contrast, a second such 
monoclonal, 10D10, neutralized both HAs 
‘equivalently at maximal inhibitory concentra- 
tions, although smaller differences. were ob- 
served at intermediate concentrations (Fig. 3B, 
middle). A third mAb, 9BI, isolated after im- 
munization with the triple-mutant expression 
Vector, showed the converse spe 
hibiting the triple mutant but not afi 
vibdaype HS pacudoviras (Fig. 3 B and C. 
right), Finally, although 9E8 more effectively 
neutratized the wikl type than S137A.T1921 
another antibody, 111112, showed comparabh 

ty on both (Fig. 3D), confirming the dit 
ferential antigenicity of this mutant. Modifica- 
tion of SA binding specificity therefore altered 
neutralization sensitivity and facilitated the 
generation of vaccines that elicited effective 
neutralizing mAbs. 

In this report, we have identified muta- 
tions in the avian HS hemagglutinin that alter 
its specificity for SA receptors and have 
shown that such mutants ean be used to elicit 
neutralizing monoclonal antibodies that more 
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effectively inhibit these variants. Neutraliza- 
tion sensitivity was determined with a lent 
Viral entry assay previously shown to define 
mechanisms of entry for numerous viruses, 
includ v, Severe acute respiratory syn- 
drome (SARS), Ebola and Marburg. femor- 
rhagic viruses, and, recently influenza (15-17). 
Inhibition by antibodies determined neutral- 
ization sensitivity (/8, 19) and correlated with 
hemagglutination inhibition, a traditional marker 


of immune protection (table $2) (/9). With this, 
approach, the specificity of the HA was ex- 
amined, independent of molecular adaptations 
required to generate replication-compctent 
virus, which allowed identification of several 
mutants with altered SA specificity, Other 
mutants have been defined recently whose 
recognition was assessed with a less-specilic 
assay (/4), and we find here that they do not 
gain 42,6-SA recognition in the HA assay 


B 
130 Loop 

Nt (Human) ETTKGYTAACSYA 

H5 (Aven) EASLGVSSACPYO 

HS (Muman)- VIQNGCSNACKRG 
190 Hele 28 

Ht (Homan) PPTOTIBeci. YONADAY 
HS (Awan) PNDA, DNPTTY 
HS (Human) PSTN ASGR 
220 Loop 8 

HY (Muman) TAR RMNYY 
HS (Adan) IATR RMEFF 
H3 (Human) GSR RISIY 


Fig. 2. Structural and genetic basis for hemagglutinin mutations. (A) The RBDs of alternative viral 
hemagalutinins are shown. (B) Comparison of amino acid sequences in the major 130 and 220 
loops and the 190 helix, color-coded in purple, lavender, and green, respectively 
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Fig. 2. Altered specificity of the triple-mutant HS compared with wild-type KAN-1 H5 coexpressed 
with NA. Glycan microarray analysis of (A) wild-type or (B) triple-mutant HA purified after 
coexpression with NA was performed by 2 modification (28) of a previous technique (12) 
performed by Core H, Consortium for Functional Genomics, Emory University. Glycans with related 


linkages are grouped by color: selected glycoproteins (orange), predominantly «2, 


-sialosides 


(yellow), u2,6-sialosides (green), «2,8 ligands (blue), or others (purple), as previously shown 


(table $3). 
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Fig. 3. rat neutralization sensitivity - mutant HSN pseudovirus. 
(A) Binding to HA coexpressed with NA in transfected 2937 cells was 
determined by flow cytometry with the indicated mAbs (blue) or isotype 
control IgG (red). (B) Neutralization sensitivities were assessed with the 


(0) Neutralization sey 


Table 1. Specificity of glycan recognition and efficacy of entry of wild-type and mutant HAS. HS 
mutants KAN-1 from Thailand, or VN1203, and VN1194 from Vietnam were used as described in 
methods (18). The ability of indicated HAs to bind u2,3- and a2,6-SAs was determined by a 
resialylated hemagglutination assay (18) for (A) KAN-1 mutants with loss of «2,3 HA activity and 
relevant controls, (B) VN1203 and previously described VN1194 mutants (24), and (C) KAN-1 
mutants with increased 2,6-SA binding. Viral entry of wild-type and mutant pseudotyped lentiviral 
vectors was measured as described (18). The degrees of entry were as follows: +, <25% of 
25 to 50% of WT; +++, 50 to 75% of WT; +44+, >75% of WT. The HS (KAN-1) here is identical to 
the GenBank sequence and differs at amino acids 186(N/K) from Yamada and colleagues (14), and 
the VN1194 mutants are identical to N1B2K and Q192R (14) according to alternative numbering 
conventions. 


HA titer 
Mutation Entry 
rec 23 ex 

w HS(KAN-D) 80 160 2 ae 
£1900 2 <2 2 + 
2250 40 <2 <2 +e 
£190,62250 2 2 2 + 
2z6t 40 <2 2 + 
02261,62285 40 <2 2 + 
£1900,K1935, 20 <2 2 + 
1935,62250 80 <2 2 peers 
£1900,K1935,62250 40 2 2 + 
1935,02261 20 2 2 + 
1935,02261,62285 40 2 2 + 
H1N1(191850, 160 2 160 peers 

8) Hs(vN1203) 20 20 2 +e 
£1900,K1935,02261,62285 40 <2 2 + 
‘A1B9K,K193N,02261,G2285 40 2 2 peers 
H5(vNi194) 320 320 2 peeee 
Nas6k 320 160 2 peeee 
9196R <2 2 2 + 

© S178 80 80 80 +e 
T1921 80 160 80 panes 
S137ATI921 40 40 80 + 
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indicated mAbs. (C) Neutralization sensitivities of the indicated wild-type 
and mutant HAs to these mAbs (400 ng/ml) are shown (ND, not done). 


ies of wild-type and $137AT1921 mutant to 


‘mAb 9E8 and 11H12 are presented. 


(Table 1B: NI86K, QI96R). The previously re 
ported Q226L,G2288 mutant (9) also showed 

6-SA binding (Table 1A), It is therefore 
that HA mutants reported previously 
sae human-adaptl, although S137A,T1921 here 
) nt a step in this pathway. 

Whether acquisition of @2,6-SA specific- 
ity would inerease HSN1 transmissibility also 
remains unknown. Recently, HA mutations in 
the 1918 virus that allowed human SA. ree 
fognition were shown to enhance transmission 
in ferrets (20), which s jon and 
provides @ model to evalu 


adapted HS-specific vaccines fac 
analyses, as well as the developme 
émptive countermeasures to contain influenz 
outbreaks. The five major antigenic sites of 
HA lic on an accessible surface adjacent to 
22), Although antibodies to 
fet RBD specificity and new. 
y (7. 23-26), changes solely 
not been shown to alter im- 
munogenicity. Here, structure-based modifica 
tion of RBD specificity faciftated the generation 
of mAbs independent of the major antigenic 
sites. Directed to a functionally constrained 
domain, they may less readily evolve resist- 
ance and serve as vaccine prototypes that can 
be developed before human-adapted strains 
emenge. 


tralization sensiti 
in the RBD hav 
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Gel Documentation System 

The compact PhotoDoc-It Imaging System for basic documentation of gels and plates is 
configured for limited laboratory space and budgets. Atached to the lightweight hood that 
sits on the transilluminator, the 6.0 megapixel digital camera generates brilliant color 
images, Transilluminator options include single or multiple ultraviolet wavelengths and 
te sizes. A compact color printer connects directly to the camera for low-cost four-inch 
by six-inch lab-quality prints, in addition, images can be saved to a camera memory card 
or the instrument can be linked to a computer. Optional software offers additional image 
enhancement, analysis, and report features. 

LUVP For information 909-986-3197 wew.uvp.com 


Vertical Laminar Flow Workstations 
The AC6OO Series Vertical Laminar Flow Work: 
stations are suitable for applications that are not 
hazardous to the operator but require a clean 
work area. The compact, lightweight design 
allows for multipte “clean zones" within a labo: 
ratory, Standard features include microproces: 
sor control, 360° visibility, integral polypropy- 
lene base for easy cleaning, all thermoplastic 
construction, a builtin fluorescent tight, and a 
‘monitor to indicate when its time to change the 
filter. Typical applications include pouring 
media plates, assembly of small parts, optic 
assembly, amplification of DNA and RNA, and 
trace metal analysis. 

AirClean Systems For inlormation 200-849-0472 
wnwaitleansystems.com 


Isolation of Periplasmic Proteins 

The presence of a signal sequence is important 
{or the export of certain proteins into the E. coli 
periplasmic space, The PeriPreps Periplasting Kit 


contaminating DNA and RNA within minutes. A 
‘microprocessor controller monitors the lite ofthe 
bbulb to insure proper levels of irradiation. Fea 

tures include a bi-fold sash with safety interlock 
to eliminate ultraviolet radiation leaks, an inte: 

gral polypropylene base for easy cleaning, and 
an ultraviotet shelf with built-in pipettor rack. 
Low-profile and tall versions are available, as are 
32-inch and 48-inch widths, It is available in 
110V and 220V models. 

AirClean Systems For information 919-255-3220 
‘ntaircleansystems.com 


Foam Reduction Agent 
GIBCO FoamAway Irradiated is a sterile, ready: 
to-use reagent that eliminates proteinaceous 
foam in mammalian and microbial cell cultures. 
Sterilized through a validated gamma irradiation 
process, FoamAway Irradiated can be quickly 
added to a foaming culture without spendi 
time to prepare it. It can also be used to prevent 
foam formation. 


large volumes of highly purified oligonu: 
cleotides. Selectively designed to have the nec: 
essary affinity forthe targeted chromatography 
media, these novel displacers drive oligonu- 
cleotides off the column at high concentration 
and high purity, and are easily removed from the 
column. The purified oligonucleotides can gen: 
erally be used without additional processing. 
Intended for use with anion exchange chro: 
matography, Propell Q offers an effective alter- 
native to scaling reverse-phase chromatography, 
and can isolate large quantities (100+ mg) of 
purified oligonucleotides in a single run, 
Sachem For information 512-421-4945 
‘wnsachemin.com 


Resolve-It Kit 

The Resolve-It Ki is designed to be used in app: 
cations such as differential display, in which mul: 
tiple DNA species of similar size need to be sepa~ 
rated before subsequent excision and analysis. 
The kit contains two ligands: AT-Yellow, a bisben- 


enables gentle, efficient solubilization of the | Invitrogen. zimide-PEG conjugate that binds DNA at ATtich 
‘outer membrane of E.coli cells, permitting rapid | For information 617-897-8258 regions, and GC-Red, a phenyl neutral red-PEG 
extraction of proteins from the periplasmic | wwivitrogen.convivd conjugate that binds GC-rich regions, One of the 
space. This can result in an enrichment of certain ligands is added to the agarose during gel prepa~ 
proteins compared with preparation by lysis of | Mitotic Assay Kits ration. During electrophoresis, the ligand inter: 


the entire cel. A spheroplast lysis buffer is also 
provided for isolation of spheroplast proteins 
Epicentre Biotechnologies For information 


The Mitotic Assay Kits make it simple to deter 
‘mine the percentage of cells undergoing mitosis 
within a specific population. The kits are avail: 


acts with AT-rich or GC-rich sequences and 
retards the mobility of DNA, depending on the 
amount of ligand bound. Thus, two identically 


'800-284-8474 ww. EpiBio.com/PeriPreps.asp_ able in fluorescent, chemiluminescent, and col- | sized DNAs can be resolved. 
orimetric formats. Vector Laboratories For information 

PCR Workstation Active Motif For information 877-222-9543 (650-697-3600 mwn:vectoriabs.com 

The Combination PCR (polymerase chain reac- | wwwactivematif.com 


tion) Workstations have a built-in 254-nm ultra- 
Violet light that allows the operator to irradiate 
lubes, flasks, and pipettes between amplifica- 
tions. Clean Class 100 laminar flow air prevents 
outside contaminants from entering into the 
work area during manipulation. The 254-nm 
ultraviolet tight effectively destroys potentially 


wwew.sciencemag.org 


Oligonucleotide Purification 

A family of displacers for oligonucleotide purif- 
cation using anion exchange chromatography, 
Propell Q displacers and displacement chro- 
‘matography offer a simple way to convert anal 
ical columns into effective tools for obtaining 
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eniy offered instrumentation, apparatus, and laboratory 
‘materials of interest to researchers in all disciplines in aca- 
eric, industria, and government organizations are featured 
in this space. Emphasis is given to purpose, chil characteris 
tis, and availabilty of products and materials. Endorsement by 
‘Science or BAAS ofan products or materials mentioned isnot 
‘implied. Additional information may be obtained from the 
-manuacure oF split 


10 AUGUST 2007 


829 


5 
g 
5 
o 
3 
g 
g 
a 


Science Careers 


Classified Advertising 


i 


From fe on Mars 
toWlesciences 


ort advrting tts, 10 
scence. ck on 
Tardis a oe cou eee. 


United States & Canada 


Email: advertise@sclencecareers.1g 
Fax: 202-289-6742 


WW KING Recruitment Sales Manager 
Phone: 202-326-6528 
NicHOLAS MINTINOZE 

West Academic 

Phone: 202-326-6533 
‘OARYLANDERSON 
‘Midwest/Canada Academic 
Phone: 202-326-6543 
ALISON MILLAR 

Industry Northeast Academic 
Phone: 2023266572 
‘TINABURKS 

Southeast Academic 

Phone: 202-326-6577 


Europe & International 


small adstsclonce-intco.uk 
Fa 944 (0) 1223 326532 
‘TRACY HOLMES Sales Manager 
Phone: Ad (0) 1223 326525 
‘MARIUM HUDDA 

Phone: +44 (0) 1223326517 
ALEX PALMER. 
Phone: 44 (0) 1223 326527 
LOUISE MOORE 

Phone: +44 (0) 1223 326528 


japan 

JASON HANWAFORD 

Phone: +81 (0) 52:757-5360 
mai jhannaford@sciencemag ip 
Fax: o81 (052-757-5361 


Ins Kanaeeat 02 D6sat or 60072249 
Inietet ce morals tah a265i 


Sie Sevenrngar sng es 
‘Soictontonsgeteumagsete pose rus, 


830 


10 AUGUST 2007 VOL317 SCIENCE 


ber 2008, Candidates are required to 
(posedoctoral experience preferred) and 3 sustainable 
Rescarch program that will inclade undergraduates. 
‘Ability to teach clectron microscopy wall enhance the 
applications but & not required. 

‘Microbiology. Successful applicant will teach bi 
‘ology major courses such as general biology, micro 
biology, advanced courses in arca of expertise, and 
onmajor courses such as human biology and mi 
‘robes and man. Akhough emphasis is on molecur/ 
‘genomic/ealular stakes, candadates with backgrounds 
fm systematic of environmental studics arc encour 
aga to apply 

‘Neurobiology. Successful applicant will teach bi 
‘ology major cours such as general biology, neuro 
biology, cell and molecular genetics, advanced 
‘cours in area of expertise, and nonmajor courses 
such as human biology. Applicant will be expected 
to apply for support of a research project that in 
cludes undergraduate studcat training, through the 
Statewide WA. Network of Biomedical, Research 
Excellence program (website: hrp://www.uri. 


‘edu\inbre). 
Send concr letter, curriculum vitae, graduate tran 
scripts, 2 statement of teaching. philosophy and re 


scarch interests, and three letter of recommendati 
by October 18, 2007, to: Dr. C.B. Wood, Chair, 
Biology Providence College, Prov: 
idence, RI'02918-G001. For more informatio 

fon the’ Department and Providence College sce 


ae cole sombned der the ane f the Dain Fas 
rt 6 


(and seks cinder an afr nd 


Chicago, Department of Mo: 
lecular Genetics and Cell Tology is secking. a fll 
ime RESEARCH ASSOCIATE (ASS! 
PROFESSOR) to iewestigate the DNA methylation/ 
chromatin moxlfice Sent, Applicants should have 
Ph.D. degree and at lease three years of rescarch ex 
perience in molecular, cell, and developmental bi 
‘logy. Qualified applicants should provide current 
‘eurriculum vitae and biblography, statement of re 
‘scarch interest and goals, and full names, addresses, 
telephone/tox numbers, and e-mail addresses of at 
least three scholars who can provide academic ref 
ferences. Application material should be sent_ to: 
Robert Sullivan, Executive Administrator, The 
University of Chicago, Cummings Life Sciences 
Center, 920 E. 58th Street, Chicago, IL 60637. 
The Unaventy of Cha a Aime Acton /Epal Op. 
pert, Employer 


The Univenity of Chicago, Department of Mo: 
Iecular Genetics and Cell Biology is secking 3 ful 
ime RESEARCH ASSOCIATE (ASSOCIATE, 
PROFESSOR) to investigate the role of the 
‘tidine deaminase AID in somatic hypermutation 
ff Ig genes. Applicants should have Ph.D. degree 
land at least five years of research experience in mo- 
kecular, cell, and developmental biology. Qualiicd 
applicants should provide current curriculum vitae 
and bibliography, statement of research interest 
and goals, and full names, addresses, telephone fax 
umber, and e-mail addresses of at least three scholars 
who ean provide academic references. Application 
‘material should be sent tor Robert Sullivan, Excc- 
utive Administrator, The University of Chicago, 
‘Cummings Life Sciences Center, 920 E. 58th Steet, 
(Chicago, TL 60637. The Unienny of Claas & an AL 
Finnaie Aion Eps! Oppommanty Exley 


CHEMISTRY POSITIC 


MULTIPLE POSITIONS 
Emory University 
Department of Chemistry 
(Candidates with a proven recon! of accom: 
pilishment in. research and scholarship in all 
Areas of chemistry ate invited to apply for mul 
tiple positions at the kvel of ASSISTANT, 
ASSOCIATE, or FULL PROFESSOR, as 
the Department of Chemistry plans a major 
‘expansion of its ficulty along with its research 
land teaching space. Outstanding applicants 
‘with research interests in organic or physical 
chemistry, broadly defined, are particularly en: 
couraged, Candidates must have received the 
Ph.D. or equivalent degree in chemistry oF a 
related discipline, Please submit curriculum 
‘tae, a cover leter, anda summary of research 
fnterests (For candidates at the Assistant Pro- 
fessor level, please submit specific research 
plans) and arrange for thrce leters of recom: 
‘mendation; all materials and letters should be 

0 e-mail: chemsearch@emory.cdu, 

ormat, Review of applica 

tions will begin September 15, 2007. Einy 

Unity i an Alfmaie Acton /Eual Oppomunity 

Employer and wekomes sppaons from sve ad 
men of minor 


BIOCHEMISTRY FACULTY POST 
Bucknell University secks outstanding candates 
fan enty-kvel, tenure track postion atthe rank 
SVASSISTANT PROFESSOR sche to beg 
in August 2008. The sucessful appicane wil each 
thochemisry, kere, and laboratory, and wil aso 
teach introductory ongani chemistry gencralchem 
icy, intrxictory inorganic chemistry, dpe 
ing ‘om background and interests. ‘The 
‘Sndidate wil ako have the opportunity to develop 
sana ur) within hha ari fear 
The development os vigorous research progeam in 
some ares of bichemisiy. lading biourean, 
tNotnonganic, and chemical biology) i Expected and 
this recarch program wil fnvoie undergraduate 
tna Master’ students, PhD. required, postdoctoral 
“perience preferred. Appikstons cane submited 
se website! het /www:bucknded job, and 
should include eamatium sits deta deste 
tion of escrch interests and plan, an a statement 
Gf teaching interests Additional three Ketter of 
‘ecommeruation are tobe sent icty to! Prote: 
tor Timothy G, Strein, Chair of the Biochemistry 
Search Committee, Department of Chemistry, 
Bucknell University, Lewisburg, PA 17837 (e-mail: 
strein@bucknelledu). Revit of applications wll 
tein on Octo 8, 3007, Bk ney rx 
cor alco fos women ond monte of mney eps 
Epa tmplopen Opera Afimaie Ati, 


ASSISTANT PROFESSOR 
‘The University of Chicago 
Department of Chemistry 

‘The Department of Chemistry of the University 

‘of Chicago. invites applications. from outstanding. 

individuals for the postion of Assistant Professor of 

Chemistry. This scarch is in che areas broadly de- 

fined as inorganic, organic, and physical chemistry 

Applications must include curriculum vitae, a list of 

publications, anda succinct outline of research plans, 

Bnd be supported by three leters of recommenda’ 

tion, Submit materials by mall addressed, as appro: 

[prate, to: Inorganic Search Committee, Organic 

Search Committee, or Physical Search Committee, 
‘of Chemistry, Office of the Chairman 

(Gbj 222), The University of Chicago, 5735 5. 

Ellis Avenue, Chicago, I 60637. Review 

completed applications will begin October 1, 2007; 

to ensure fill consideration, all materal should be 

submitted by that date, Uiivesty of Chiago i a 

Afi: Aas Opprtnity amply 
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Constantly Evolving Choices 


Leaving the chemistry department behind doesn’t have to mean leaving 
chemistry behind, Chemists have a broad, and broadening, range of 
career options to choose from, both in and out of the lab, The biggest 
challenge is looking beyond the more traditional roles, which represent 
only a fraction of the options available in this fast-growing field. 
By Bea Perks 


here has always been a far wider range of career opportunities for 
chemists than the chemists —or at least newly qualified chemists — 
recognize, according to Lisa Balbes, a volunteer careers consultantwith 
the American Chemical Society (ACS). Balbes is a freelance technical writer and consult 
ant, and the author of Nontraditional Careers for Chemists (Oxford University Press, 2006). 
Chemists do branch out into what she calls nontraditional roles, but they often think this 
‘means they have left chemistry behind 
Balbes has a Ph.D. in organic chemistry and spent several years on a postdoc in molecular 
modeling. Her career evolved following a move toa job “that turned out not to exist,” she recalls 
She ended up being offered a consulting job by a company whose software she'd been using as 
a postdoc. She took the job, which led to subsequent consulting contracts and, after about three 
years, she realized she had become a consultant. 
twas completely accidental. It just worked out really well, and | kept doing it. 've been do 
itfor 15 years now and I love it," says Balbes. 
It's just one example of the career opportunities that chemists might not spot. 


Chemistry for Life 

Exponential growth in the life sciences arena has led some observers to conclude that employ 
‘ment opportunities for chemistry graduates and postgraduates are on the slide. Far from it. 
Chemists are central to the success of the biotech and life science industries. While fewer stu 
dents are choosing to take chemistry Ph.0.s across the US according to a recent news article in 
Science (6 April 2007, p. 35), life science companies are crying out for postgraduate chemists. 

The life sciences are in no way an alternative to the chemical sciences. The two are inextrica- 
bly linked, Career opportunities for chemists haven't decreased with a shift toward the life sci 
ences; they've expanded. There are ever more opportunities to be had, but that means looking 
beyond more established roles. 

Forget straight biology or chemistry: today’s successful companies take a multidisciplinary 
approach. Life scientists kick-started the biotech revolution, but it wouldn't have progressed as 
rapidly without chemical expertise. 

Sigma-Aldrich, which calls itself a leading life science and high technology company, hires 
about 45 percent chemists to 55 percent biologists at Ph.0. level, says Roxanne LaPlante, re- 
cruiting manager at the company’s headquarters in St. Louis, Missouri. The spread is even closer 
to 50/50 at the Bachelor's degree level, she says 

‘Many of the chemists hired by Sigma-Aldrich are medicinal chemists, but the company has a 
particular challenge recruiting analytical chemists. 

“We have difficulty finding Ph.D. level analytical chemists,” says LaPlante. “We are in direct 
competition with big pharma.” 

Chemists seem to gravitate naturally toward the pharmaceutical industry. I's a career choice 
future chemists might even make before they start at university. And it's well paid, so why 
wouldn't they? 

“It's a less safe job,” offers LaPlante. In LaPlante’s opinion, job security in big pharma is not 
as stable as in other industries, but generally higher salaries attract those willing to make this 


tradeoff. ‘ 


Chemists are 
central to the 


success of the 
biotech and life 
science industries. 
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Careers in Chemistry 


“With the growth of our small- 
molecule program we are look- 
ing for chemists with analytical 

methods development, synthetic 
organic, medicinal chemistry, and 

peptide chemistry expertise.” 
—Holly Butler 


‘Analyzing Career Options 
Analytical chemists carry out qualitative and quantitative analysis 
they sample, define, isolate, concentrate, and preserve samples. 
They are responsible for setting error limits, validating and verifying 
results through calibration and standardization, performing separa: 
tions based on differential chemical properties, developing new ways 
of making more precise measurements, interpreting data, and com: 
municating results, Sigma-Aldrich, which serves the pharmaceutical 
and biotech industries, universities, hospitals, and allied organiza: 
tions with biochemical and organic chemical products and kits, relies 
heavily on this skill set among its 6,800 employees worldwide. 

Analytical chemistry relies on an ever-increasing array of auto- 
mated and computerized analytical techniques. To a degree, this has 
meant that fewer chemists are needed at the bench: hundreds of 
samples can be prepared and measured at the press of a butto 
data can be stored and analyzed in minutes. But the demand for 
increasingly sophisticated analytical techniques, instrumentation, 
automation, and computerization has opened up options for ana- 
lytical chemists in other areas. New instrumentation and data man- 
agement systems have ushered in opportunities for chemists with 
solid technical and computing skills. At the same time, roles have 
emerged for quality assurance specialists, whose job it is to ensure 
that analytical laboratories and the chemists working in them follow 
documented and approved procedures. 

Analytical chemists, regardless of which path they take, need a 
strong background in chemistry, an eye for detail, good computer 
skills, and good laboratory and problem-solving skills. 

‘At Agilent Technologies, based in Santa Clara, California, with a 
worldwide work force of 19,000, the demand 
for chemists is shifting from analytical to bio 
chemical. “There is a very heavy emphasis, 
because of the life science focus, on biochem 
istry,” says Linda Lim, technical recruiter for 
the company’s life sciences business groups. 
“Traditionally we had the analytical chemists 
for our more mature products. For the last 4-5 
years we've gravitated toward the biochemistry 
part of our business.” 


Think Out Of the Box, Out Of the Lab 
Importantly, whichever sort of chemist you are, 
having those skills should not restrict you to 
working at the lab bench. 

“It’s a skill set urgently needed in sales and 
marketing roles, dealing with products and cus- 


832 


tomers at the pre- and postsale stages.” says Alexis Difirenzi-Swale, 
director of worldwide staffing at Agilent. “If you've been in universi: 
ty. often the professors only know about R&D positions, but don't al- 
ways know about the broader positions that use the same skill sets,” 
says Difirenzi-Swale. Chemists leaving university, she fears, may not 
know the opportunities that are available, and might see essential 
marketing roles as somehow less attractive than R&D roles. 

All of which could contribute to the fact that Agilent has to give 
itself a longer lead time when looking for pre- and postsales sup- 
port. The company’s sales activities are concentrated in the UK, says. 
Difirenzi-Swale, while its main manufacturing sites are based in the 
US. China, and Germany. 

Master’s and Ph.D.s now represent about 60 percent of Agilent’s 
‘campus hiring population in the US. It's roughly the same in China, 
but slightly less in india and Malaysia where there are fewer candi- 
dates with higher degrees. In Europe a slightly higher proportion of 
Agilent's work force has higher degrees. 

Agilent recommenced hiring college graduates relatively recently, 
following a difficult year for the company in 2001, says the compa- 
ny's staffing manager for the Americas, Mark Bajan. “The company 
was actually a lot more focused on Ph.D. hires at that time,” he re 
calls, “That's really switched over the last couple of years; we hire a 
great deal of Bachelor's and Master’s degree candidates to fill our 
college and intern openings. 

Companies that serve life science markets, like Agilent and Sigma: 
Aldrich, have developed close working relations with universities in 
‘order to introduce themselves to, and select, future employees. 

‘Sigma-Aldrich runs internships for university students in the sum- 
mer. The program involves full-time employment for 10 to 12 weeks 
in the company’s analytical services, production, or R&D depart- 
ments, providing marketable experience in an industrial setting, 
Likewise, Agilent's university relations programs include research 
grants, fellowships, equipment grants, and matching of employee 
Bifts to colleges and universities. 

California-based Genentech, one of the originators of the biotech 
nology industry, has always gone to the fall and spring recruiting 
events for graduate students at the major universities known for 
their chemistry programs. As well as analytical and computational 
chemists, the company, with a work force of over 10,000, looks for 
synthetic organic chemists, medicinal chemists, and combinatorial 
chemists to join their research teams. 

“With the growth of our small-molecule pro- 
gram we are looking for chemists with analy 
cal methods development, synthetic organic, 
medicinal chemistry, and peptide chemistry 
expertise,” says Holly Butler, Genentech's 
principal staffing consultant for research. “The 
primary change is that we are hiring more of 
them now.” 

Genentech, as with many other biotech com- 
panies, preferentially (though not exclusively) 
recruits graduates in applied chemistry over 
those studying basic chemistry. The company 
looks particularly for candidates who have suc- 
cessfully contributed to drug targets going into 
development and. ideally, for those with ex 
perience filing investigational continued » 


Careers in Chemistry 


“increasingly in the life 
sciences, developments are 
based on an understanding 

of processes at the molecular 

level, even where the 
molecules are large and in 
complex systems.” 
—Tony Ashmore 


new drug (IND) applications with the US Food and Drug Administra- 
tion (FOA). “Project leadership experience is important as well,” says 
Butler. 

Once they are out of university, “we are more likely to recruit those 
‘work experience in the small-molecule field, often from pharma 
companies,” she says. 


Emerging Occupations 

There are a growing number of career choices for scientists with de- 
agrees in chemistry, agrees Tony Ashmore, registrar at the Royal Soci- 
ety of Chemistry in the UK. “Career choice in general has broadened 
‘as new occupations emerge.” he says. 

The traditional generic attributes of chemists, in addition to sub- 
ject specific skills, Include complex numerate problem solving capa- 
bilities, particularly for those with backgrounds in physical and theo- 
retical chemistry, notes Ashmore. Chemists tend to share an ability 
to sift, correlate, evaluate, and manipulate nonquantitative data and 
solve problems where there is incomplete information, particularly 
for those with a background in inorganic, organic, and biochemistry, 
he adds. 

“Increasingly in the life sciences, developments are based on an 
understanding of processes at the molecular level, even where the 
‘molecules are large and in complex systems,” says Ashmore, “so an 
increased hiring of folk with a thorough understanding of the funda- 
mentals is taking place.” 

Multidisciplinary teams are key, he says: where each member is a 
specialist in a particular field, but also has the ability to work with 
team members from other fields. This is quite distinct from what 
might be called an interdisciplinary team, “where everyone knows a 
tittle about everything,” says Ashmore. 


‘Once a Chemist, Always a Chemist 

Consultant Balbes says she became a volunteer careers consultant 
for the ACS when worried chemists began asking her if there was 
anything they could do beyond working in a lab. 

“1 actually have a brochure that was put out by ACS in 1963 talking 
about all these other careers for chemists ~ sales, marketing, patent 
law. All these other things, back in 1963!” she says. But even today, 
chemists can fail to look beyond academia. “Most university pro- 
fessors train students to become university professors,” she says, 
echoing the concerns of Agilent’s Difirenzi-Swale. 

In fact, says Balbes, chemists have always found jobs in sales, 
marketing, and beyond, but they've tended to treat it as a “dirty lit- 
tle secret,” as if they have ceased to be chemists. But they still are 
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chemists, she insists. The skills they have developed as chemists are 
essential in those other roles. 

There is a growing school of thought that chemists are trained to 
approach problems in a certain way. “Analytical is the best word I've 
come up with,” says Balbes. “Chemists know how to ask the right 
questions.” 

For the purposes of her recent book, Balbes defined a nontradi- 
tional career in chemistry as “non laboratory, non university profes 
sor.” Such careers, for people with either a Bachelor's or a Ph.D. in 
chemistry, used to be called alternative careers, but this has ended 
up sounding relatively unappealing. Perhaps just “non laboratory” 
would have been best, she suggests. 

The big employers of nontraditional chemists include all the sci- 
ence companies—chemical companies, biotech companies, phar: 
‘maceutical companies —but also law firms, companies involved in 
public policy, and companies involved in manufacturing or informa 
tion technology. 

Balbes once met a Ph.D. chemist who had moved into sales and 
marketing of scientific products, and who gave a talk entitled “A 
Chemist Moves to the Dark Side." “That's what scientists think,” 
she sighs. “But if nobody sold your products, you wouldn't have a 
job, would you?” 

Selling products to scientists demands a particular skill set, she 
notes. “It’s not used car sales. Scientists want to see the technical 
‘merits of products. They want to be able to make their own judg- 
‘ments based on the merits of the product.” 

Balbes hopes she's starting to see some of the stigma eroding: 
“For example, people not apologizing for not working in the lab,” she 
says. “Ifind myself doing it sometimes, and I really have to stop!” 

She firmly introduces herself as a chemist, despite not having 
worked in a lab for 15 years. You have to consider your audience 
though, she admits. She once spoke to a group of Boy Scouts who, 
‘on hearing that she was a chemist who worked from home, won: 
dered if she might be running a methamphetamine lab. Overall, 
though, the message is getting across, she says. 

Balbes has been a volunteer career consultant with the ACS for 
15 years. ACS members have access to a list of about 80 such con: 
sultants who will help them through a career crisis —if they're about 
to finish their Ph.D. and don't know what to do next, or if they've 
just lost their job. Each volunteer provides a short biography, and 
members can pick the individual they think is most likely to help 
them—they can then phone or e-mail for tailored assistance. The 
consultants also attend twice-yearly ACS national meetings and run 
workshops on career-related topics, from CV writing, to interview 
techniques, to starting up a company. 

“You don't get paid, but it's incredibly rewarding,” says Balbes. So 
does she encourage everyone to get a chemistry qualification? 

“You should get a chemistry degree if you love chemistry,” she 
says. “If you enjoy it, you're going to be able to find a job that you 
love. You shouldn't say ‘Right now there's a big market for chemists 
50 | should go and become one even though | hate chemistry,’ be- 
‘cause you'll be miserable,” says Balbes. “I'm not trying to talk peo- 
ple into getting a chemistry degree; I'm trying to convince them that 
if that’s what they love, they can make a career out of 


Bea Perks, deputy editor of the Royal Society of Chemistry's maga- 
zine Chemistry World, writes from Cambridge, UK. 
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Each day we invest over $7.5 million in 
Research, Development and Manufacturing 


Research Scientists 
Physical or Analytical Chemistry; Chemical Engineer 
Cambridge, England 


Schlumberger is the world’s leading supplier of technology and services to the oil and gas exploration and production industry and 
has an unwavering commitment to Research and Development. 


Our chemistry department is comprised of skilled scientists whose specialisation is analytical chemistry, synthetic chemistry, 
surface science and physical chemistry. By focusing on chemical reaction engineering as well as the development of new 
chemical measurements and interpretation techniques, we aim to understand and exploit chemical means of measuring, 
optimising and controlling reservoir and wellbore processes. The work will be varied and multi-disciplinary in nature and strong 
communication skills and the ability to work within teams is important. You will have a Ph.D. in the field of experimental science 
or engineering and experience in the development of experimental apparatus and instrumentation would be an advantage. 

You must also be fluent in spoken and written English 


Materials Science 


Several exciting opportunities exist and you will initially find yourself contributing in one of the following areas: 

* Membrane/Separation Technologist: Being part of a team developing the next generation of sensors for deployment in the 
hostile conditions found inside reservoirs, aiding the exploration and development of hydrocarbon reservoirs. The work involves 
developing experiments to probe the fundamentals of mass transfer, phase behaviour and material properties as we develop 
prototype sensors. 

+ HTHP Experimentalist: Collaborating with different research programs to investigate organic and inorganic chemical reaction 
pathways and kinetics. Main responsibilities will be to develop experimental equipment and methods and study chemical 
reactions at high temperatures and pressures (reservoir conditions), 

+ NMR Spectroscopist: Investigating the chemistry of high performance materials and characterise reaction products. You should 
have good synthetic chemistry skills to complement your substantial NMR expertise. We are particularly interested in hearing 
from individuals with solid state NMR, multi-component NMR, pulse sequence design, and NMR protocol design experience. 

* Material Scientist: Identifying and investigating chemicals and materials applicable at high temperature, in corrosive brines that 
maintain their characteristics for prolonged periods. You will have significant experience investigating and enhancing 
the chemistry of materials. 


To apply, please send a detailed CV to Emily Horwich at recruiting@cambridge.cilfield.sib.com quoting “Chem. RS” in the 


subject line. Closing date 30th September 2007, 


Schlumberger is an Equal Opportunities Employer 
www.sib.com/careers Success without boundaries 
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DuPont's significant investment in its Agriculture & Nutrition Platform, including Pioneer Hi-Bred International, has created 
challenging, cutting-edge career opportunities for you. Pioneer wants you to be a part of our industry-leading plant 
genetics and biotechnology organization. You will join a team of talented, dedicated professionals. A large number 

Of research opportunities exist at our 90+ worldwide research facilities, including our headquarters in Johnston, lowa. 


As the leading developer and supplier of advanced plant genetics, our international presence and affiliation with our 
parent company, DuPont, will give you the opportunity to expand your career, join a growing industry and make a 


positive, global impact. 


The World Demands... Can You Help Us Deliver? 
Learn more about Career Opportunities at htto://www.pioneer.com/careers 
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MUSC 


MEDICAL UNIVERSITY 
OF SOUTH CAROLINA 


ASSISTANT or ASSOCIATE PROFESSOR 
Chemical Biology/Medicinal Chemistry 


The South Carolina College of Pharmacy Department of Pharmaceutical 
Sciences is secking highly qualified applicants for faculty positions at 
either the ASSIS 

SOR level. The positions will be : 
South Carolina (MUSC) campus in Charleston cats 
at the University of South Carolina (USC), Columbia. MUSC and USC 
have made strong commitments to building a nationally recognized Drug 
Discovery Program. State-of-the-art research facilities, including x-ray 
crystallography, NMR and mass spectrometry, molecular modeling. 
protcomics and lipidomics are available to support the Program 


Preferred qualifications for these faculty positions include demonstrated 
‘experience in the use of chemical approaches in drug development. par 
ticularly for c tant Professor 
level will be responsible for dev tramurally funded research 
programs, and participating in Departmental teaching. Candidates for 
‘appointment at the Associate Professor level should have demonstrated 
success at competing for national funding of drug discovery related 
projects. Excellent opportunities for collaborations within MUSC and 
the USC, and generous start-up Funds are available. 


Interested candidates should submit their curriculum vitae, statement of 
research interests, and the names of three refereaces to: Charles D. Smith, 
Ph.D., Department of Pharmaceutical Sciences, Medical University 
of South Carolina, 280 Calhoun St., PO Box 250140, Charleston, SC 
29425 or by email (o: smithchd@ muse.edu 


MUSC is an Affirmative Action/Equal Opportunity Employer 
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Leave your mark. 


Millennium is focused on developing breakthrough treatments 
in the areas of oncology and inflammation that will make a 
real difference in patients’ lives. We encourage innovation and 
seek results through collaboration. If you'e looking for a 
‘dynamic environment where respect and excellence are core 
values, learn more about us and the possibilities for you at 
www.millennium.com 


\Malennlum has opportunites nthe flowing areas: 
Associate Director ~ 
Clinical Pharmacology 
Scientist ~ Formulations 
Scientist ~ Molecular 
Technologies 

Sr, Research Associate ~ 
Cancer Pharmacology 
Research Investigator ~ 
Analytical Development 
QA Specialist/Manager — 
Commercial Quality 

We ave an equal opportunity 


‘ompleyer comentad to dscovering 
the individual in everyono. 


UNIX. MILLENNIUM’ 


POSITIONS OPEN 


PACULTY POSITION IN PLANT BIOLOGY 
Section of Plant Biology, College of Biological 
Sciences, University of California, Davis 
The Section of Plant Biology, College of Biological Sciences, at the 
University of California, Davis invites applications for a tenure ack 
positon atthe ASSISTANT PROFESSOR level. Candidates mast have a 
PRD. (or equivalent) and hive an outstanding record of research 
achievement, The successful candidate is expected to develop a sate-of 
the-art research program that will implemeat quuntitative and systems 
Ised appraiches to understand fundamental peimciples underlying the 
Wiology of plants, Preference will be given to candidates who we 

lecular biochemistry with emphasis 
nic and metalic flu aly wx. proteomic Vinteratomic. 
biology. The Section of Plane Hiclogy places a high pricy on 


the teaching mission ofthe Section. 

Candidates should submit the following materials, online, at ww 

pibucdavisedu: (a) cumiculum vite. (b) summary of “research 

accomplishments, (c) clearly focused description of future revearch plans 
eats), (Q) up to five major publications, (e} statement of teaching 

experience andor interest 

Candidates should alo arange for a minimum of three leters of 


recommendation to be submitted by e-mail to pibsearch@ucdavis edu 


Davis, CA 95616 


Closing date: open until filled although to assure full consideration. 
applications should be received on or before Thursday, November 15, 
2007. 


The Section encourages women and minorities to apply. The University of 
California, Davis, isan Equal Opportnity/Afiemative Action Emplover. 
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D. E. Shaw Research, LLC 


Computational Chemistry and 
Biology Opportunities 


Extraordinarily gifted computational chemists, biologists, 
and other computational scientists are sought to join a 
rapidly growing New York-based research group that is 
pursuing an ambitious, long-term strategy aimed at 
fundamentally transforming the process of drug discovery. 


Candidates should have world-class credentials in 
‘computational chemistry, biology, or physics, or in a 
relevant area of computer science or applied mathematics, 
and must have unusually strong research sills. Relevant 
areas of experience might include protein structure 
prediction, the computation of protein-ligand binding 
affinities, the study of biologically important systems 
using molecular dynamics and/or Monte Carlo 
simulation, and the application of statistical mechanics 
to biomolecular systems—but specific knowledge of 
any of these areas is less critical than exceptional 
intellectual ability and a demonstrated track record of 
achievement. Current areas of interest within the group 
include molecular dynamics simulation of functionally 
significant globular and membrane proteins, the 
prediction of protein structures and binding free 
energies, structure- and ligand-based drug design, 
characterization of protein-protein, protein-nucleic acid 
and protein-lipid interactions, and the development of 
algorithms for biomolecular simulations. 


This research effort is being financed by the D. E. Shaw 
group, a global investment and technology development 
firm with more than US $25 billion in aggregate 
investment capital. The project was initiated by the 
firm's founder, Dr. David E, Shaw, and operates under 
his direct scientific leadership. 


We are eager to add both senior- and junior-level 
members to our world-class team, and are prepared to 
offer above-market compensation to candidates of truly 
exceptional ability 


Please send your curriculum vitae (including list of 
publications, thesis topic, and advisor, if applicable) to 
sciencemag-cc@career.deshawresearch.com. 

(D. E Shaw Research, LLC does not discriminate in employment matters on 
the basis of race, ear, eion gender, pregnancy, rational origin, ge 
mitt service eligi, veteran stats, sen oentaton, marta status, 
ésaiy, or any oer protected dass. 
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PROFESSOR and HEAD 
Department of Biochemistry and Molecular Biology 
Mississippi State University (MSU) invites app 
‘ations and nominations for the position of Protes- 
sor and Head of the Department of Biochemistry 
and Molecular Biology. ‘The Head is the principal 
representative of the Department with authority and 
responsbility for adminstrative decisions. The De 
partment is sccking a dynamic individual with an 
eating ene of linemen: seein 
1 range of disciplines in biochemistry and 
lar bllogy; and an understanding of deme 
inctions of research, reaching, and service. The s<- 
lected individual should have a distinguished record 
of scholarship, as well as significant experience i com> 
munication, leadership, and team baking, strong. 
‘commitment to diversity, and! dedication to the land 
Brant mision, Applicants should have a Ph.D. de 
Bice in biochemistry oF molecular biology oF a 
closely related field and meet eligibility requirements 
nure at the full Professor level and graduate 
faculty membership at MSU. Review of applications 
wil begin Seprmbcr 20, 2007, and sil continue 
a suitable candidate is identifi. Applicants 
should submit a letter of interes chat discustes qual 
ications for the position; curiculum vitae, and the 
names, telephone numbers, and mailing ard e-mail 
aukreses of four references, Applicaton may be 
imate online at website: hetps://www,jobs.msstate. 
‘edu or by seraing the application to: De. Jim 
P.O. Box 9681, Misissippi State, MS 
39762, e-mail: jshepardi@efr.msstate.cdu, tele 
Phone: 662-325-2781. Musiniy Suse Unavrity 
Mii Acton igal Oppo Lge 


SITIONS 


DONALD J. CRAM CHAIR in ORGANIC 
CHEMISTRY 
(Organic Chemistry at UCLA Universicy of 
fornia, Law Angeles (UCLA) 
The Department of Chemistry and Biochemistry 
in the Unheraty of Calioni, Lo Angee ce 
ing, to 6 sewer organi. chamistryposions at 
UELA, intended to expand the epertoe of the 
Department in oes enpanic cematry sod 
imate ganic chemistry, conjunction with the 
inasytems nse The Donald Je 
rin Organic Chemtry ito be ie by 3 
Scr distinguished ORGANIC. CHEMIST, 
Scare Commiice has been appoint to recom 
mend the most outeanding ciate. The ocar 
pant of thin Chae wil hold a sate-fnded lar 
Feuly postion the income fom the endowment 
amalibie fo the holder av an unescted fund foe 
parponcs of rear and taching. Posone rated 
Dike miion of the Cakforsa: NonaSyatcs 
rate wil be comdered! for ue appeantmens 
ds Membre of the Caloris NanoSytes woe 
Candidates are sought who give evidence of unusual 
distinction in scholarship and teaching. Curriculum 
Mia, tree kre of commendation, and brit 
Sms of research ingress shold Be sued 
by October 3152007, and ected 
Chair 
nent of Ghcmry sl Bigchemi 
sement of Chemistry sod Biochem 
Pires of Cllforsar Los Angeles 
0. Bor 951369 
Los Angsty CA 90095-1569 
Pane 310-2001843 
UCIA is er Equal Opperman 
Employ ones and ie co! 
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CHEMISTRY POSITIONS 


SYNTHETIC CHEMISTRY FACULTY 
POSITION at the UNIVERSITY of ARIZONA 
The Department of Chemistry at the University 
‘of Arizon invites applications for a tenure-track 
ASSISTANT PROFESSOR position in synthetic 
‘chemisey beginning fll 2008, Applicant in all areas 
‘of modern synthetic chemistry will be considered, 
but preference will be given to candidates with i 
terests in synthetic inorganic and organometallic 
chemistry, as well as interdisciplinary areas that inter 
face with these traditional disciplines. The success 
applicant will be expected to establish 3 vigorous, 
nationally competitive research program and to dem: 
‘onstrate excellence in teaching at both the under 
‘graduate and graduate levels. A Ph.D. in chemistry 
for a related field is required; postdoctoral expen: 
‘ence is preferred. Applicants are encouraged to ap 
ply via the Univenity of Anzona Human Resources 
ite: http://www.uacareertrack.com (job 
umber: 88811), Submit curriculum vitae, a Hist of 
publications, and statements of research and 


(aching ttre va the online em, Thee 
eters of recommendation (0 Suppo So 
‘ation should sent to: Chae, Synthetic Search 


‘Comittee, Department of Chemistry, Universi 
ty of Arizona, 1306 E. University, Tucson, AZ 
85721, e-mail: syntheticsearch@uarizonaedu. 
Review’ of applicant files will begin October 1, 
2007, and will continue until the position is filled 
The Univeniny of Anzons i ax Equal Employment 

Afimassve Aason Employ Mons men 
rons with Disaes/ Vera. Wome and minors ae 
sopaialy enounsged spp. The Inenigasin Renn and 
Contr Act vegies roo of suthrsation 10 wk the 
Chated States pom empymen. 


PHYSICAL CHEMISTRY FACULTY 
TOSITION 

University of Califor, Lox Angeles (UCLA) 

The Department of Chemisry and Biochemistry 
ofthe University of Calor, Lon Angels, intends 
to make a tenuretrack faculty appointment in 
Divakal.chemity. The scarch is open to. both 
JUNIOR and SENIOR LEVEL candsates nd 
AI area wil be consere, inching boah exper 
mental and. theorctalphyueal chemistry, bi 
pirical shemiry, and materia. Candles mun 
he ewkence of exceptional prom (or 3 junior 
Sppoinement) or great distinction (Vor a. tnior 
appointment) in researc and teaching. Appice 
‘Roll ince cumcalam vitae, a statement of 
tecarch accomplishments and description of pro 
posed research {nor exceeding. four pages), reps 
Sf representative publications, and & hse of profes 
Sion reterencs Junior icuky applicants should 
$n to hte of recommendation ten 
St the time of appcation. To sure consideration, 
31 application materials should be received by 
‘cache 31, 2007, ant directed to 

Chair 
Physical Chemistry Search Committee 
Department of Chemistry and Biochemistry 
University of California, Los Angeles 
7.0. Bos 951869 
Los Angeles, CA 90095-1569 
Fas: 310-206-8010 
UCLA a gd Opp ABitbe Asien Eglo 
Wins ad ale oe caged 1 


POSTDOCTORAL POSITION js available at 
the University of Nebraska, Lincoln in the area of 
redox. biology/biochemistry/bioinformatics with 
‘emphasis on mechanisms 

tbonal characterization 


selenium containing. pro- 


teins, bioinformatics and functional genomics of 
thik dependent ron proteins and proces, and 
their roles in cancer 


and aging. Additional infor- 
womics.unlede, 


Vadim Gladyshey at e-mail: Saonkaiaeal 
edu. The Univenity of Nebasks, Linols an Equal Op: 
Permit, Alfmznne Aton Employer 


CHEMISTRY POSITIONS 


UNIVERSITY OF 
I] WASHINGTON 


MANAGING DIRECTOR 
Catalysis Center at the University of Washington 
(Seattle) 

“The NSF-funded Center for Enabling New Tech- 
nologes in Catalysis (CENTC) seeks a Managing, 
Director. The Managing Director will bea staff mem 
ber at University of Washington (UW), based in 
Seattle. The Managing Director will be the primary 
‘Manager and Administrator ofthis large, technically 
complex, and continuously evolving Center, Full 
\etalls of the position will be found at website: 
burp: //www.washington.edu/jobs, (sclect. Staff 
Jobs and scarch for Requisition #34179), Priority 
may be given to applications received by October 1, 
2007, Please dircet e-mail inquiries to e-mail, 
rothen@chem.washington.edu. CENT and UH" 
commuted ialdig aay dee salad roy 
‘annie applations from fama and minonty candidate, 
Afirmatioe Aton Equal Opportunity Employer. 


BIOCHEMISTRY and MOLECULAR 
BIOLOGY FACULTY POSITION 
University of California, Los Angeles (UCLA) 

The Minchemisry Divison of the Department of 
Chemisty and Biochemistry (website: he / sw 
biochemistry -uca.edu), om at th 
Molecule Blogg Int 
fora tenre-track iy 
PROFESSOR locl, We nang can 
dates any arca of biochemistry, chemical Biology, 
‘omputational biology or mokcula and cellar 
nology, The new facuy member wil be expected 
to develop a trong and creative recarch program 
sad one tating che 


eustiny of nomsh ecovmtibects aod te 
roxarcr pans; and two to thre rene of rere 


Scoratve publicaons: Applicants shoud abo anange 
to have tree letter of reerence sent to the ade 
below. To maure conaderaton, all application mare 
fale and lencrs should be reece! by October 15, 
3007, Please do not send appetite by en 
All applestion mnaccias Stould be sett to! Chal, 
oxnbaySech Commie, Romy Jing 
at of Chemistry aad chest 
VEAP. on 81800 Los Angles CA 90098 


‘The University of Calor ie 
Finnaive Action Employer. W 
connaced 8 apy 


0 Equal Oppornaity/AP 
vo and nie ate 


NATIONAL UNIVERSITY of SINGAPORE 
Department of Chemical and Biomolecular 
Engineering, 

The Department of Chemical and Biomolect 
lar Engincering at National University of Singapore 
invites applications for TENURE-TRACK  FAC- 
ULTY POSITIONS at all levels. The Department 
is one of the largest internationally with excellent 
in-house infrastructure for experimental and com 
potatonal esearch, APD in chemi engines ing 


for more 
Wieemaion ns he near of ines sad or ap 


plication details. Applicants should send full curric- 
tulum vitae (including key publications), a detailed 
rescarch plan, a statement of teaching interest, and a 
list of names of at ast dee references to: Professor 
Raj Rajagopalan, Head of Department (attention: 
Ms. Nancy Chia, e-mail; naneychia@nus.edu.sg), 


wowew.sciencecareers.org 
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EXPANDING OUR 
HORIZONS 


IN NEURODEGENERATIVE DISEASE. 


Vice President, Biology 


GSK R&D Shanghai will 
neurodegeneration with the objective of creating new medicines 
for such severe disorders as multiple sclerosis, Parkinson's 
disease, and Alzheimer’s disease. The site will eventually direct 
‘our global discovery and development activities within its 
therapeutic from drug-target identification to latestage 
clinical studies, while collaborating with research institut 
elsewhere in China and other countries. 


We are seeking a PhD educated biologist who Is a proven 
strategic thinker with an established track record [to Proof of 
Concept] in the development of novel therapeutic agents. It is 
envisaged that whilst this experience could have been gained 
in the broad arena of Parkinson's and Alzheimer’s research or 
felated fields, the candidate must be recognised as an exper 


in their field and demonstrate a de 


h of biology and 


chemistry understanding commensurate with this influential 
position, The ability to speak Mandarin would be 
advantageous in the role together with familiarity of Chinese 
culture and the willingness to make a long term commitment 
to live and work in Shanghai 


The candi 


will be able to demonstrate strong leadership, 


get Me 20 wake fe KOE 


5K is proud to promote an ape 


R&D China 


Visionary skills, determination to succeed and the ability 
to influence senior management groups, Chemistry, PreClinical 
and Clinical colleagues to drive both direction and strategy of 
Biology within the overall strategy of R&D Shanghai. You will 


have experience in leading/managing large and complex 


‘organisations and of being an effective leader in a matrix setting, 
Proven ability to build and manage an empowered organisation 
that allows staff to realise their full potental, attract, retain and 
develop highly talented and diverse contributors 


This role offers an outstanding opportunity to be involved in 
the first fully integrated R&D facility in Shanghai at its onset, 
to build a substantial R&D team which is envisaged to be 150 
dedicated scientists by the end of 2008, The vision of GSK is 
unique as the facility will be a Chinese dedicated site for 
neurodegeneration with full accountability from target to the 


global healthcare market. 


To apply online, please visit www.gsk.com and view vacancies on 
the UK careers page, entering requisition number 44515 in the 
Req 1D” search box. Alternatively please email your CV and 
covering letter to RD.ChinaRecruit@gsk.com 


GlaxoSmithKline 
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ae HUMAN GENETICIST 

psig Tenure-Track/Tenure Position 

‘The newly formed intramural Laboratory of Translational Genomics (LTG) in the Division of Cancer Epidemiology and Genetics (DCEG), National Cancer 
Institute (NCI), National Institutes of Health (NIH), Department of Health and Human Services (DHHS), is recruiting two tenure-tnick/tcnured investigators. 
The mission of the LTG is to investigate the genetic basis of strong association signals identified by candidate gene approaches, linkage analyses in high-risk 
families, or genome-wide association studies (GWAS), particularly loci identified by the ongoing Cancer Genetic Markers of Susceptibility (CGEMS) program 
involving GWAS of several major cancers. Investigators in the LTG are expected to develop an independent research portfolio in cancer genomics focused on (1) 
fine mapping and re-sequencing of loci relevant to cancer susceptibility and/or outcomes, (2) investigation into the causal gene variants that provide biological 
plausibility for each Locus, and (3) bioinformatic analyses of publicly available datasets derived from germline annotation of genetic variation and somatic altera- 
tions in cancers. Each investigator is expected to leverage the NCI resources in molecular epidemiology, high-throughput genotyping and whole genome scans, 
biostatistics and bioinformatics, as well asin basic and clinical sciences. The incumbent will receive rescarch support for developing a state-of-the-art genomics 
laboratory, and recruiting two post-doctoral fellows/bioinformaticians and a technician. 

Applicants must have an M.D. and/or Ph.D. in a relevant field, extensive post-doctoral experience, and a record of publications demonstrating potential for 
creative independent research in human cancer genetics. Facility with bioinformatics databases and high dimensional data are highly desirable along with strong 
communication skills. Interested individuals should send a cover letter, curriculum vitac and a brief summary of research accomplishments and goals, along with 
copies of three to five publications or preprints, and three letters of reference to: 

Ms, Judy Schwadron, Division of Cancer Epidemiology and Genetics, National Cancer Institute, 6120 Executive Blvd. EPS/8073, Bethesda, MD 
20892, 

Recommendations can be included with the package or sent directly by the recommender to Ms. Schwadron, Candidates should submit applications by October 
15, 2007; at this time, the commitice will begin to look at suitable candidates. However, the search will continue tntil qualified scientists are found, Additional 
information about staff and ongoing research in the NCI Division of Cancer Epidemiology and Genctics is available at hitpilwwwadceg.cancergov, Please 
contact Dr. Stephen Chanock (phone 301-435-7559 at chanocks@ mail.nih.gov) or Dr, Peggy Tucker (phone 301-496-8031 at tuckerp@mail.nih.gov) for 
questions about the position(s): 


NIM Executive Functions Program 


The National Institute of Mental Health, National Institutes of Health, Department of Health and Human Services, announces an opening 
for a Health Sciences Administrator (sometimes referred to as a program officer) at its Rockville, MD-sité to guide and manage a grants 
program supporting basic research on the fundamental principles and mechanisms of executive functions in both humans and animals 
Attention, cognitive control, planning, decision making, reward, risk analysis and select aspects Of learning and memory are included in 
the domain of responsibility. In addition, understanding of sophisticated cognitive and behavioral techniques/paradigms to properly link 
brain and behavior is expected. The Program Officer will be responsible for maintaining and further developing an innovative program 
in this research area that includes behavioral and systems neuroscience approaches. Techniques currently employed in the research 
portfolio cover a wide range, and include but are not limited to: functional neuroimaging (PET, ERP, EEG, DTI, MEG, fMRI, invasive 
electrophysiology (ERP, single and multiple tinit recording), microdialysis, reversible and imeyersible lesions, neuroanatomical tracing, 

tochemistry, select use of genetically modified onganisms; viral vectors, ete. General responsibilities will include administer- 
ing and managin, portfolio of research grants, interacting with researchers and program offic ied programs at 
NIMH, NIH, and other funding agencies, and developing new research initiatives. Candidates must be U.S. citizens and have a Ph.D., 
M_D., or equivalent degree. Candidates must be able to document relevant research experience in the general field of cognitive and/or 
systems neuroscience. The position requires working both independently and collaboratively, Strong organizational and oral and writ- 
ten communication skills are also required. Salary will be commensurate with experience, Applications may be submitted beginning 
July 31" through September 7, 2007. Beginning July 31", official application instructions can be found at the USAJobs Web Site 
(http://www.usajobs.gov), by searching on Vacaney Announcement NIMH-07-198801-DH or NIMH-07-198801-DE. For further 
information about the application process, please contact Ms. Cindy Gripper (grippere(@ mail.nih.goy) at NIH Human Resources. For 
more details concerning the nature of this position, please contact Dr. Kevin Quinn (kquinn@ mail.nih.gov), With nationwide respon- 
sibility for improving the health and well being of all Americans, the Department of Health & Human Services oversees the biomedical 
research programs of the National Institutes of Health (http://www.os.dhhs.gov). 


THE NIH 1S DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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Cell Cycle Checkpoint Signaling 
Mechanisms and ATM Function 
Research Tangle Park, North Carolina 


A postdoctoral postion is avabl to vestigate signal ransducton mechanises 
‘equating cel cycle checkpoints, wih patcuriterest inthe rol ofthe ataxia 
telangiectasia mutated (ATM) gene produc nd ATM interacting prteis. Sues 
wilfocu on responses to DNA damage and equation ol cellycl progression fling 
damage. Curent research intrest incur goup incl imestiations ofthe role of 
ATMin mammary epithet cel eclregdton the interplay a signaling from ATM 

and ATM-eated kinases, as well as ATM signaling ince romindivuals wih heiable 
cancer suscepti syndromes. Opportunites eit forthe incorporation of yobal gene 
txpresson analyses into sues, Candidates shaud havea PRD. cr equialert degree 
inmoleculr biology, ce tilogy, biochemistry or related fel, While candidates wth 

fv or fener years relevart postoctral research experiance are ebb, recent 
graduates are encouraged to apo, 


TOAPPLY: Submit a coverter,curicuum viz, biblography and the rames 
oftree references ta: 


Richard S. Paules, Ph.D. 

‘National Institute of Environmental Health Sciences, 

Growth Control and Cancer Group 

P.O. Box 12238, MO 02-09 

‘Research Triangle Park, NC 27709 

FAK (919) 316-4771 

Est pales@niehssihgor g¢ fey 
= 
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Technical Laboratory Manager 
Research Tiangle Park, North Carolina 


Laboratory of Molecular Toxicology - NIEKS Microarray Group 
Ifyou would fe to work wth accomplished scents in support of eizonmental 
‘health research AND you are skiled m the technical and scientiic aspects of mircroarray 
techolges, the costing the Dion frame Research (1) tthe 
atonal ist dl Envonertal Heath Sciences NHS, NERS mr esearch 
component of the Natonal Insttutes of Health, is looking for someone who will support an 
ceficient and productive scientific envionment and who will work wth the Microarray Group 
Drectorto prove genomics cpaiesto scien The reserch elas ofthe NHS 
Macroarray Group are designed to apph genomic technologes to elucidate the mechanisms, 
ofinjry and disease rom envron- mental exposures andto pursue the technical aspects 
of emergng genomic technolges 
‘Asthe Technical Laboratory Manager (Research) for the Microarray Group inthe Laboratory 
‘of Molecular Toxicology, you wil interact closely with scientists tram the intramural NIEHS. 
onmanty an arora calbratrs conducing reseach inmcraray based genomic 
techalopes Yuwie refed upon topo technical and scerlic enperisen specialized 
mnt and coordination, technology 
jon. You wil so provide 
mapr drecton n standard core areas related to resources, management of equipment and 
personel ata erry ad ta complain. Yu wl led the tchnca team the prormance 
ol ther dubes and have overal day-to-day responsitlgy forthe efficient management and use 
oftaboratory resources as well as ther responsibities as assqned by the Group Drector, 
crested canites sol app oine at wor USAJOBS gor, Announce Nurber 
SN 27-08 ySptmbe 7,20 For iol oman concen he poston, 
‘contact Angela Head, Ofice of Huan Resources atheerda rain gov 
rl SOR plein vane mere apenas. 
wth disables re stongy encouraged (¢ @ 
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TENURE TRACK POSITION 
ELLE LasoraroRY OF MOLECULAR BIOLOGY 


The Laboratory of Molecular Biology (LMB), Center for Cancer Research, of 
the National Cancer Institute, National Institutes:of Health (htp2/cet.cancer 
gov/labs lab asp?labid-99) uses genetics, molecular biology, cll biology, and 
molecular modeling o examine and solve abroad range of important biological 
problems. The Laboratory now invites applications for a tenure track position in 
the Laboratory of Molecular Biology, CCR, NCI fora stientist working in the 
field of antibody engincering as it relates to cancer therapy. Candidates must have 
Ph.D. or M.D. and a proven record of innovative research and produetivity in 
antibody engineering, display of antibody fragments on phage and mammalian 
ecessful candidate will join an active group 


cells and cancer therapeutics. TI 
of translational and clinical investigators inthe LMB working on immunotoxins, 
humanized antibodies, and toxin biology and carrying out clinical trials with 
immunotoxins and antibodies. Salary will be commensurate with education 
and experience, 4 two-page statement of research interests and goals should 
be submitted in adkition to three letters of recommendation and a curriculum 
‘ifae to Mrs. Ann Schombert, Executive Secretary, Laboratory of Molecular 


Biology, CCR, NCI, Building 37, Room 5106, Bethesda, MD 20892-4264: 
phone: 301-451-8714, Fax: 301-402-1344, email: schombea‘a pop.nci.nih. 
gov. NIH Tenure track investigators with educational debts may be eligible for 
theNIH Loan Repayment Program. The NCI isan Equal Opportunity Employer. 
The closing date for applications to be accepted is September 15, 2007 


Postdoctoral, Research 
and Clinical Fellowships 
at the National 
Institutes of Health 


www.training.nih.gov/pdopenings 
www.training.nih.gov/clinopenings 


Train at the bench, the bedside, or both 


Bethesda, Maryland 20892-0240 
800. 


Office of Intramural Training and Education 
8283 


Science Careers 


Head, Department of 
Cellular Biology and Anatomy 
Louisiana State University Health Sciences Center 
in Shreveport 


ool of Medicine at LSU Health Sciences Center in Shreveport is secking applicants for Head 
of the Department of Cellular Biology and Anatomy from world-class researchers in cardiovascular 
sciences with an interest in developing a nationally competitive program Investigators having rescarch 
terest in the area of cardiovascular complications of metabolic synurome and diabetes are particularly 
encouraged to apply. 
The salary for this tenured position is fully supported by state funds, with additional compensation 
possible through an institutional research incentive compensation plan. The postion also comes with a 
$2 million Endowed Chair from the Malcolm Feist Cardiovascular endowment. The new Department 
Head will receive a generous seed package to support his/her research program and state-of-the ant 
laboratory space. A multi-year strategy and supporting financial resources are in place to substantially 
enhance the national stature of research and training programs in the Department. This includes the 
state-funded salary lines, research space, and sced package support to recruit 6 faculty members. In 
dition, $1 million wil be provided toexpand the research infrastructure ofthe Departient wo comple 
‘ment the new emphasis on cardiovascular sciences. 
Successful candidates should have a graduate degree (Ph.D. andlor M.D.), current NIH funding. an 
outstanding record of achievement in cardiovascular research, and experience mentoring graduate 
uulents, postdoctoral fellows, and junioe faculty. The responsibilities ofthe position include develop- 
ent and leadership in departmental Ph.D. and postdoctoral taining programs, research activities, and 
ultidisciplinary research endeavors as well as a commitment to maintain’strengthen the education 
obligations of the Departament 
The LSU Health Sciences Center Shreveport, established in 1960, is located in northwest Louisiana 
and is one of the Fastest developing regions within the state. The Shreveport- Bossier Cty arca, with 
«8 population of ~325,000, has evolved into a major regional cultural and recreational centr, and isin 
short driving distance to larger mettoplexes such as the Dallas-Fort Worth and Houston areas, 
Interested applicants and nominations should include a curriculum vitae and a letter of interest. Cor- 
respondence should be directed to: Nicholas Goeders, Ph.D. Professor and Head, Department 
of Pharmacology, Toxicology and Neuroscience, LSU Health Sciences Center, P.O. Box 33932, 
breveport, LA 71130. Applications will be accepted by mail or via e-mail (ngoede@lsubse.edu) 
September 30, 2007. 


LSUHSC is an Affirmative Action Employer: 
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MASSACHUSETTS 
GENERAL HOSPITAL 
HARVARD STEM CELL INSTITUTE 


The Center for Regenerative Medicine 
(CRM) at Massachusetts General Hos- 
pital invites applications for a tenure-track 
assistant professor position. Outstanding 
scientists in the field of stem cell biology who 
have the demonstrated ability to develop a 

fependemt research program will be 
considered. Successful candidate(s) will be 
members of the Harvard Stem Cell Institute 
and faculty of Harvard University. Candidates 
‘must hold a PhD and/or MD and have a histor 
‘of innovative, interactive research. Applic 
should send an electronic copy of (1) letter of 
imerest (2) research plan and (3) current cur 
riculumn vitae to Dr. David Seadden e/e Chris, 
Shambaugh: epasker(@ partners.org. Thee 
letters of recommendation should also be sey 
directly to: 


Center for Regenerative Medicine 
Seareh Committee 
Attention: Chris Shambaugh 
Massachusetts General Hospital 
185 Cambridge St, CPZN 42650 
Boston, MA 02114 


Women and minority candidates are urged 
to apply. MGH is an Equal Opportunity 
Affirmative Action Emplover: 


MICHIGAN STATE 
UNIVERSITY 


Faculty Position in Breast Cancer Biology 
Department of Physiology 


The Deparment of Physology tnvkes applications for a fullime tenurearack | 
appointhent a the Austin Aeoxhac/Full okewor kevel 


The Institu 
succesful candeate will be expected to develop an independent research 

program in contemporary arcs of besa cancer bolo. Aas interes lockale 
fit arent limited uo cello animal medel of tumor bemaxion. progression, ea 
metastasts, cance? peice bread cancer patboge test and melevular patho 
Dorma and cancer stem cell buology Retype cel craton 9 bess can 
find inflammation ad breast cancer Candies whine experimental appro bes 
include genomes and proteomics, luctble gene tageing rodent Models 
wells Une cell ce whol animal imaging ae expecully encouraged to apy 
udulate wil oun a coll and highly tneractre group of breast 


The sucess 


Cancer Imestigaors whose tnlersts clade mammary dewlopment siren The instinate, orig 


hormones and hormone wesseance cell synabng and ell yc contol, regu 
of gene ‘expression, and enviacnmental Laiors ta beat cancer etiology 
‘Opportunaics xs to paricipate in collaborative pots including » NIEHSNGI 


spumsored Research Center oo Breast Cancer aed the Enwronment. Candtes 


ust hokl a PhD. MD, oF esnalent doctoral or baal deg, have 
Postdoctoral expesence and be able to demonstrate the pexental to develop 
sexily kinded research program. The sucestal canchdste will be Applica 


‘expected to parcpate i the teaching of graduate and/or professional studens ‘of major publi 


Interested individual should submit a complete curculum va, a bye statement 
ol research intersts, sad copiesol ley publkatbes. Apphants should ao rept 
Keters of recommendation In three indivsluak who can evahate theit 
‘xcomplshments and future potential for research and teaching Review of 
applicadons wil bepin August 41,2007 ant continue unl the postion t ied. 

Applications should be sent electronically to: Chale, Breast Cancer Search 
‘Comenittce: Professor Sandra Z. Haslam, Director, Breast Cancer and the 
Environment Research Center, Department of Physiology, Michigan State 


1,000 words. 


of Development, Aging and Cance 
University invites 
ssor in the fields of basic medic: 


studies on ag 
.¢ bra 


ns should include a CV, a publi 

ions (less than 10 pa 

scientific activities including future research plans in about 
a list of sci 

tion letters. Applic: 

by Oct. 1, 2007 to: 


‘Two Full Professor Positions 
at Institute of Development, 
and Cancer, Tohoku 
University, Sendai, Japan 

http:/Avww.idac.tohoku.ae,jp 


Tohoku 
plications for two positions of full 
‘es. We welcome 
ed in frontier and imterdiseiptinary 
a new field of aging, longevity, host 
is. We also encourage women and 


nally founded in 1941, promotes basic and 


related diseases includ id 


jers students, 


tion list, reprints 
ers), summary of 


¢ grants awarded, and two 
ions should be submitted via 


Director, Institute of Development, Aging and Cancer, 


University, East Lansing, MI 4884243320, E-mail: poloff@msu edu 
Michigan Sue Universi is commited to achieving excellence Ubrough cultural 
Anenuty The unvenity vel encourages applications and/or nomeutions oe 
women, persons of color, veterans ad persone wih dhsabiities 


Tohoku University 
Seiryo-machi 4-1, Aoba-ku Sendai 980-8575, JAPAN 


ja-som @bureau.tohoku.acjp 


Inquiry to: 


of Health and Human Services 
alfositatesof Health SE 
| Human Genome Sa 


Research Institute Burnet Institute 


CHIEF OF STAFF, 
IMMEDIATE OFFICE OF THE DIRECTOR 


The National Human Genome Rescarch Institute (NHGRI), a major 
research component of the National Institutes of Health (NIH) and the 
Department of Health and Human Services (DHHS), has led the ground- 


mowmeaceceres| || DIRECTOR 


Position of Chie of Sta in the immediate Office ofthe Dicctor, NHGRI 
The incumbent will seve as a senior advisor andthe Chef of Saf. 
managing and directing the scietifie and administrative activities and The Burnet Inst 
all ks occuring within the immediate Office ofthe 
Thief of Staff will have advanced scientific training leadi 
itive knowl of advances in the fds of 
genomics and the application of such research to health and dis 
Responsibilities wll encompass substantive program and policy apipciise nniinepirarional keeder ae\Dirscibe 
ters covering the fll range of NHGRI interests and program activities 
and directing the eficiem planing and coordination of operations and salt This person will possess an international 
within the immediate Office of the Dirwtor. The NHGRI sacancy 
nouncement for this postion contains 


Austin Research Institute 


Joining together for a healthier world 


ute, one of Australia’s 


infectious diseases, immun 


and public health institutes, is secking to 


5 
2 
2 
a 


reputation as a researcher and research 


manager, comma the respect of peers: 


The Director will lead the Institute duri 


announcemen -CR-DE. of NHGRI-07-103295- 
CRMP you may also HL website at: wwwjobs.nih, 
Applications must be received no later than August 24, 2007 


rowth phase to enhance the Institute's 


nificant international 


reputation asa si 


This is. fulltime permanent position offering benefits including health and 
life insurance, retirement, sick and annual leave. U.S, citizenship is reeearchionsi 
requited 

DHHS and NIH are Equal Opportunity Employers 


nisation translatin 


discovery 
to health outcomes. This will require 


the further development of stra 


relationships, collaborative partnerships and 


commercial ventures. 


ecturer/Senior Lecturer 
in Ecology 


For a confidential discussion, to find out more 


about this challe: leadership role and to 


acquire an information package including 


Institute of Natural Resources selectic 
or Ms Evie Watt at Heidrick & Strug 
05 2000 or the Chi 


Burnet Institute, Mr Alastair Lueas on 
@ multi-disciplinary team teaching and researching 461 59679 1356 or +61 419 885 594, 


criteria contact Dr Rachel Lucas 


les, on 


Auckland 


You will lecture in Ecology and will be a member of 


‘man of the 


+612 


ecological issues of national and international 


Applications including curriculum vitae 


importance. 
should be sent in confidence to Dr Rachel 


Closing date: 26 August 2007 Lucas at Heidrick & Struggles, Level 28, 
Reference number: A217-07L NSW 2000, Australia, 


or email burnetdirector@heidrick.com 
007. 


by 7 September 
http://jobs.massey.ac.nz 


For further information on the 


= vee Burnet visit the following website: 
wwroemsseyacier| YQ Maseny Uatversity hutp/www:burnet.edu.au/home 
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University Hospitals 
| Case Medical Center 


Research Faculty Positions 
in 
Visual Sciences 


The Department of Ophthalmology and Visual Sciences of Case 
Western Reserve University invites applications for appoin 
ments at the junior to senior level ranks to complement t 
existing major programs include: Immunology and Infectious 
es, Aging and Diabetes, Molecular Genetics and Retinal 
‘The Department is part of the multi-isciplinary Visual 
Sciences Research Center, comprising 40 vision researchers in 
19 different basic and clinical science departments, which is 
supported by a P-30 Core Girant and a T-32 Training Grant from, 
the National Eye Institute (www.ease.edu/med/vsre), The Core 
grant facilities and the Department laboratories are centrally 
located on two floors of newly renovated space. 


‘Successful candi poi 
basic seience department, and will be expected to participate in 
sraduate edu Applicants should send a curriculum vita 
ze description of research interests asa single PDF 
file 1o Erie. Pearlman(a ease.edu 


CWRU and University Hospitals Case Medical Center are 
Equal Opportunity/Affirmative Action Employers 


; WISCONSIN 


Faculty Position in Systems Neuroscience 
‘The Department of Physiology, University of Wisconsin School of Medicine 
and Public Health, invites applications for a tenure-track assistant professor 
position in systems neuroscience Successful candidates wll have outstand- 
ing research credentials with interests that complement and extend existing 
‘esearch in the Department (http:/iwww.physiology.wisedu), Weare com- 
toned to astyong fous IVES SOIEY a eapeely encourage 
applications frm individuals who study any area of systems neuroscience, 
‘broadly construed to include topics such as cognition, perception, action, 
attention, executive function, and memory. Successful candidates will 
teach in Departmental courses in undergraduate or medical physiology and 
Participate in Ph.D. and post-doctoral training. The Deparment features a 
‘breadth of inquiry encompassing molecular to systems level research and 
offers a supportive collegial work environment, and a commitment to col 
Iaborative research programs. Excellent opportunities for participation in 
‘campus-wide interdisciplinary research and Waining programs exist Recruits 
‘ill participate in faculty govemance and service atthe department, school 
and lniversity levels as appropriate wo faculty rank 
Interested individuals should submit curriculum vite, a one 10 Wo page 
summary of research interests and plans, and three letiers of reference 1: 
University of Wisconsin-Madison, Department of Physiology, Faculty 
‘Search Committee #55370, 0 Alice Puchalsk, 1300 University Avenue, 
Madison, WI $3706, or electronically to meuroseareha physiology. Wise 
«edu, To ensure consideration, please submit complete application by 
‘October 4, 2007. However, applications will be aecepted until the position 
isfilled. Unless confidentiality is requested in writing information reganding 
applicants and nominees must be released upon request, Finalists cannot be 
juaranteed confidentiality. 
The UW-Madison isan Equal Oppornmity/Affirmative Action Employer: 
We promone excellence through diversity and encourage all qualified 
individuals to app 


MICHIGAN STATE 


UNIVERSITY 


MSU-DOE PLANT RESEARCH LABORATORY 
Michigan State University 
East Lansing, Ml 48824 
ttp:/www.primsu.edu 


Faculty Position in Plant Biology 
‘The MSU-DOE Plant Research Laboratory (PRL) has a twelve-month 
tenure-track faculty position available at the Assistant Professor level 
We seck to identify individuals who investigate fundamental questionsin 
plant biology that fallin the continues between plioton capture ad the 
‘deposition of energy-rich molecules, o plant-environment interactions 
‘that influence these processes 


‘ThePRL, with core funding from the U.S, Department of Energy, provides 
‘an excellent environment for creative research in plant biology. Michi- 
tan State University has a history of exceptional breadth and depth in 
the plant sciences and provides a stimulating atmosphere with excellent 
colleagues and facilities. PRL faculty members are jointly appointed in 
an appropriate academic department 


Applicants should have postdoctoral research experience with demon 
strated productivity and evidence of potential for independent research. 
‘To assure consideration, applications should be submitted electronically 
to prisrehvamsu.edu by October 1, 2007. Applications should include 
‘curriculum vitae, a summary of research accomplishments, and a brief 
description of Future plans. Candidates should also arrange to have three 
letters of reference submitted. Questions regarding this position should 
be directed to prisrebva msu.edu. 

Michigan State University is an Affirmative Action, Equal Opportunity 
Employer: MSU is committed to achieving ewellence throwgh 
cultural diversity. The university actively encourages applications 
‘andlor nominations of women, persons of color. veterans, and 
persons with disabilities 


Two Tenure-Track Faculty Positions 
in Marine Science 


‘The University of Texas at Austin Department of Marine Science and 
Marine Science Institute invite applications for two faculty postions 
in marine science, We scck catuhdates with demonstrated expertise 
and innovative research in: (1) Quantitative Ecology, with a focus on 
contemporary issucs in landscape ceology, benthic-pelagic coupling, con- 
servation bi 


and basic mariculture. The most competitive candidates will make use of 
the Institute's excellent facilities for experimental work (including 36,000 
54. of mariculture facilities) and proximity to a variety of estuarine and 
coastal habitats (including the 185,000-acre Mission-Aransas National 
Estuarine Research Reserve). Candidates must have a Ph.D. degree at 
the time of appointment and a strong research and publication recor, 
Postdoctoral experience is strongly preferred. The positions, based at 
the Marine Science Institute (www.itmsiutexas.edu) in Por Aransas, 
‘TX, include 9 months of annual salary support. Faculty are expected 10 
maintain a vigorous, extemlly funded research program, teach graduate 
and undergraduate Courses, and mentor MS. and Ph.D. students, 


Applicants should send an application as a PDF filet fuesearch a utmsi, 
tulexas.edu and have at leas three letters of recommendation mailed to: 
Search Committee Chair, The University of Texas Marine Seience 
Institute, 750 Channel View Dr., Port Aransas, Texas 74373-8015, 
‘The application should identify the position of interest and contain & 
curriculum vitae anda statement of research interests that indicates how 
the applicants research activities would take advantage ofthe Institute's 
facilities and location (3 pages maximum), Review of applications will 
srt October 1, 2007, and will continue until the positions are fille. 
State faw requites a background check on the selected applicant. 


The University of Texas at Austin values diversity an is committed 
waffrmative action and equal opportunity: Women and minoritiex 
‘are encouraged to apply. UT Austin will make every effort to 
‘accommodate professianal couples 


‘The Department of Pharmacology & 
Experimental Therapeutics at Boston 
University School of Medicine (http: 
Jiww.bume.bu.edu/busm/pm) has open 
faculty positions at the Assistant, Associate 
or Full Professor levels. Individuals with an 
interest in neuropharmacology, translational 
neuroscience, or with research programs 
‘bridging to disciplines such as cancer of 
cardiovascular pharmacology are especially 
encouraged to apply, 


‘The Department has stengts in abroad range 
of research areas including gene therapy, 
learning and memory, neuropeptides, sub- 
stance abuse, neurodegeneritive diseases, 
neuroinflammation, anxiety, and epilepsy. 
The Department administers an active uni 
sity-wide pharmacological sciences training 
program in Biomolecular Pharmacology that 
is supported by an NIGMS 32 and awards 
1 combined PhD in Pharmacology-Biomedi- 
cal Neuroscience oF Pharmacology-Cell & 
Molecular Biology, 


Please send a CV, deseri 
research, and up 0 three peer-reviewed 
publications to: David H. Farb, Ph.D. 
Chairman, Department of Pharmacology 
& Experimental Therapeutics, Boston 
University School of Medicine,715 Albany 
Street, L-603, Boston, MA 02118. 


An Equal Opportunity/Affirmative 
ction Employer 


U.S. Department of Energy 
Office of Science 
Deputy for Programs 
Announcement #SES-SC-HQ-013 (kd) 


‘The US, Department of Energy's (DOE) Office of Science is socking highly qualified candidates 
‘with outstanding scientific achievements to fill the Deputy for Programs position, The Office of 
‘Science isthe single largest supporter of basic research in the physical sciences in the United States, 
‘with a 2007 budget of $3.8 billion. It oversces the Nation's research programs in high-energy and 
‘nuclear physics basic and fusion enemey sciences, and biological, environmental and computational 
sciences. The Office of Science is the Federal Govemment’s langest single funder of materials 
and chemical seiences, and it supports unique and vital pans of U:S. research in climate change, 
_goophysics, genomics, life sciences, and science education. The Office of Science also manages 10 
‘World-class laboratories and oversces the construction and operation of somic of the Nat 
advanced R&D user facilities, located at national laboratories and universities. These include p 
ear physics accelerators, synchrotron light sources, . 

cutron scattering facilities, bio-energy research centers, supercomputers and high-speed computer 

‘networks. More information on the Office of Seience can be found at http:/sclence.doe.gov 


‘The Deputy for Programs provides sciemttic and management oversight ofthe six program offices 
by ensuring program activities are strategically conceived and executed; formulating and defend 

ig the Office of Science budget request; establishing policies, plans, and procedures related 10 
the management of the program offices; ensuring the research portfolio is integrated across the 
program offices with other DOE program offices and other Federal agencies; and representing the 
‘organization and make commitments forthe Department in discussions axl meetings with high-level 
{govemment and private sector officials. The position is within the ranks of the U.S, govemment’s 
Senior Executive Service (SES); members of the SES serve in key positions just below the top 
Presidential appointces. 


To apply for this position, please sex the announcement and application instructions at ttp:// 
Jobsearch.usajobs.opm.gov/ses.asp under the vacancy announcement of #SES-SC-HQ-013 (kd). 
‘Qualified candidates are asked to submit ther online applications by August 29, 2007, 


VICE PRESIDENT 
FOR RESEARCH 


NEWENGLAND 


The University of New England (UNE) a private 
comprehenswve insttution, seeks an innovative 
‘and experienced leader to serve as its new Vi 
President for Research. UNE has established a 
esearch focus in Selected fields of health, 
marine, pharmaceutical, and natural sciences 
and osteopathic medicine. The Vice President 
for Research wil spearhead the development of 
2 research agenda and infrastructure that 

wil guide the University toa new evel of suc 
css and national prominence. The successful 
‘candidate must be skiled in managing.co 
Programs and will possess a sound knowledge 
of competitne grant processes, procedures 

‘and regulations. The abltyblead by example! 
by maintaining involvement nan active 
extramuraly funded research project 

Is high desrabie 


For more details on this postion and 
the application process vist 


Processing of appicatons wil bein immediately 
‘and cortinve unl the postion és fled. interested 
Persons should submit CV. and cover leter 
flecronicll to: Bill Allen, Human Resources 
Generalist, at ballen@une.edu. 


Then Now Ea Epa prin 
rp ton oe sae 


Faculty Positions 


Vollum institute and Jungers Center 
Oregon Health & Science University, Portland OR 


The Vollurm Inscicute(hetp://wwwcohsu.edu/vollum) and the Ju 
the Department of Neurology announce faculty openings for outstanding scientists. For the 
Volum search, we ate particularly inerested in individuals with a research focus 
atcasof molecular and cellular neurosience, molecular genetic, development 
‘of signal transduction. For the Jungers search, we are intctested in individuals whose work 
addrenes neurological diseases, epectally the fundamental causes and treatments of neural injury 
sand neuredegencration as well as mechaniims of neural repair and regeneration. Laboratory 
space is available i the Vollum Institute and the adjoining new Biomedical Research Building, 
(hetp://www.ohsu.edu/ohsuedu/about/transformation/brb). Ic is expected that Jungers faculty 
will hold appointments ia the Votlum Institute and the Department of Neurology. Volhus 
Jungers appointments ate fulltime resarch positions with minimal teaching or clinical rquite 
rmcats. Ample opportunities are available for collaboration with clinical units within the School of 
Medicine as well as research units at OHSU (wwwakswedu) 


Applications will be considered atall levels. We offer attractive start-up packages and the opports 
nity co work in an outstanding scientific environment. Applicants should have a strong record of 
research and an interes in teaining graduate students, OHSU isan equal opportunity/atfiemative 
action employer committed to maintaining diversity in ts Faculty. Candidates with Ph.D. and/or 
M.D. and a least several years of postdoctoral experience should apply by sending one paper copy 
and an electronic copy, oftheir curriculum vitae, a description of research plans and goals, and 
thice references by Nevember 1, 2007 to: 


Gary L. Westbrook, M.D. 
Senior Scientist and Co-Director 

‘Vollum Institute and Jungers Center Search 
Volum Institute, LA74 


Stn SW Sam ckgon Park Road 
Portland, OR97239-3098 &SCIENCE 
volljeberohswedu UNIVERSITY: 


‘ience Careers 


a 


Science Careers 


U.S. Department of Energy 
Associate Director 
Office of Science for 
Biological and Environmental Research 
‘Announcement # SES-SC-HQ-014 (kd) 


The U.S, Department of Energy's (DOE's) Office of Science is seeking 
qualified candidates to lead its Biological and Environmental Research 
(BER) Program. With an annual budget of more than $500 million, the 
BER Program is the nation's leading program devoted to applications of 
biology to bio-energy production and use and to environmental remedia- 
tion. The BER Program supports major research programs in genomics, 
proteomics, systems biology, and environmental remediation. The 
Program is also one of the nation's leading contributors to understanding 
the effects of greenhouse gas emissions, aerosols, and atmospheric 
particulates on global elimate chang. 


The Director of Biological and Environmental Research is responsible 
forall strategic program planning in the BER Program; budget formuls- 
tion and execution; management of the BER office including a federal 
workforce of more than 30 technical and administrative staff; program 
integration with other Office of Science activities and with the DOE 
technology offices; and interagency integration. The position is within 
the ranks of the U.S, government's Senior Executive Service (SES); 
members ofthe SES serve in key positions just below the top Presiden- 
tial appointees. For more information on the program please go to http: 
Iwwse.doc gov/ober! 


or further information about this position and the instructions on how 
to apply and submit an application, please go to the following website: 
‘http://jobseareh.usajobs.opm.gov/get|ob.asp?JobID=S8S208068., 
VSDM=2007%2D06%2D06+13% 3A44%3 02K Logo-O&qnSES.- 
SC-HQ-014+(kd)& Fed Emp=N&sortorv&ywed&brd-3876& 5-0 
‘&FedPub=Y&SUBMITL x°47&SUBMITLyIX. To be considered 
for this position you must apply online. It is important that you follow 
the instructions as stated on the announcement SES-SC-HQ-014 (kd) 
located at the website above, 


v The Wonder of 
Discovery 


pipeline: Our dedested team of scientists are 
Imotwated and poised to. bring nove 

snd innovative new treatments through development a rapidly as possible, 

Newroorne's strong foundation Is bult ypon great science that starts with 

‘great people. 


SCIENTIST 
(In Vitro Pharmacology) 


We are seeking » dynamic. flexible and highly motivated individual with ex 
‘perience inthe area of GPCR and/or 


‘nile retocnabie or the design, development validation and mplement 
Slavsntnanve msivo pharmacdlogea assysinsupporolamallmalesle dg 
Satoveryandied (binding altny cA GTP 
traS, calcusm imaging) You wil be expected to apply thee 

‘apd andhigh austty machanste salves ofamad molecu 
Sonia targets avoriety of Nevtoxctence therapeutie area, You wl alo be 
‘exponste lr interpretng he data and commmuncating ents to memes of 
smukadscipinay drug Sacover team ona relat ba 


‘egurmmatsincade 4?RD. mPrmaclogy ot arated dicing anda at 
postdoctoral experience, preter 

"broad fa 
‘Phavmacologea! techauques ideal Cand 
Sopropratedataanaiyas and stausteal methodologies end hove a proven track 
‘ecordof quality pole mtions andpresentoton at srentfe meetings. Candidate 
‘silbe expected toworkcoluboratvely with scomtsts within Neuroscience and 
‘ther daciplines, and, accordingly. most ponets exceptional communication, 
‘terpertona andor gonationa stale 


VW 


To find out more about this 
opportunity 


FACULTY POSITION 


BIOCHEMISTRY 
University of Connecticut, Storrs 


‘The Department of Molecular and Cell Biology 
atthe University of Connecticut invites applica 
tions for a tenure-track position at the ASSIS 
TANT PROFESSOR level in Biochemistry 
beginning Fall 2008, The successftl candid 

will establish a vigorous, extramurally funded 
research program and will contribute 1o under- 
igraduate and graduate biochemistry teaching, 
Research should address significant problems in 
biochemistry and complement existing strengths 
{in protein export, membrane protein biochem- 
istry, assembly of protein complexes or plant 
biochemistry. UConn has a strony biochemistry 
research program (www.biochemistry.veonn. 
edu) as well asa muli- departmental partnership 

logy (wwwsb.uconn.edu). 


‘A Ph.D. in biochemistry or 


Qualification 
4 relate field; atleast two years of postdoc- 
toral experience with an outstanding research 
record, 


Applicants should submit a curriculum vitae, a 
concise description of proposed research, a brief 
statement of teaching interests, and aminge to 
have three letters of recommendation sent 
to: Biochemistry Search Committee Chair, 
Department of Molecular and Cell Biology, 
U-3125, University of Connecticut, Storrs, CT 
(06269. Review of applications will begin after 
publication ofthis notice and continue until the 
Position i filled. 

ee encourage members of underrepresented 

groups including minorities, women, and 
‘people with disabilities to apply: 


‘TWO FACULTY POSITIONS 
in GENETICS: 
Department of Molecular and Cell Biology 
University of Connecticut 


The Genetics and Genomics group ofthe Depart= 
‘ment of Molecular and Cell Biology is secking to 
appoint TWO TENURE-TRACK faculty posi= 
tions (one Assistant Professor and one Assstant/ 
Associate Professor in eukaryote genctics begin- 
‘ing August 2008. Our faculty has interests in 
developmental genctics genome evolution. chro 
rmosome dructure and function, and population, 
functional and comparative genomics. The ideal 
candidate will utiize a combination of experi- 
‘mental and computational genomics approaches 
1 address important biological problems in one 
oF these broad areas, Successful candidates will 
develop an independent research program and par- 
ticipate inthe undergraduate and graduate gents 
‘curriculum. The Genetics Field of Stady web age 
Isat https//www.genetics.nconn.edu. Qualifica- 
toms: a completed Ph.D. ina related field: post- 
doctoral experience and an outstanding research 
‘record. Salary and rank will be determined based 
‘on qualifications. 


Applicants should submit a cxrricukum vitae, bet 
“atements of research and teaching interests, td 
arrange to have tice leter of rovommendation 
‘scat to: Michael O'Neill, Chair, Search Com- 
mittee, Dept. of Molecular and Cell Biology, 
U-2II, University of Connecticut, Storrs, CT 
(06269-2131. Review of applications will begin 
after publication ofthis notice and continue until 
the positions are filled 
We encourage applications from 


‘underrepresented groups including minorities, 
women, and people with disabilities. 


ANIMAL DEVELOPMENTAL, 
BIOLOGIST 


The Department of Biological Sciences 
at SUNY Brockport requests applications 
for a tenure track position at the rank of 
Assistant Professor starting Fall 2008. The 
‘successful candidate will teach an upper- 
division course in developmental biology 
and appropriate undergraduate and gradue 
ate (MS. level) courses in his or her area 
of expertise, and contribute to the teaching 
‘mission ofthe department, The candidate is 
also expected to develop an active research 
program in developmental biology, utilize 
{ng undergraduates. and Master's students, 
‘and to sock external funding to support the 
research, We are particularly interested in 
persons who utilize a combination of cel- 
Tular, molecular, and genetic approaches in 
studying development, A Ph.D, is required, 
and post-doctoral and teaching experience are 


Applicants should apply on line at 
wwwbrockportrecruitiorg and submit the 
Tollowing information: letter of application, 
curriculum vitae, and statements of teaching 
philosophy, and research plans. All postions 
are subject to final budgetary approval. For 
full consideration. completed applications 
should be received by October 12, 2007. 


Affirmative Action/Equal Opportunity 
Emplover 


Department Head, Bio-Energy 
Department Head, Infectious Disease 


J. Craig Venter” 


The J Craig Venter Insttute (ICV) is. a not-for profi research institute dedicated tothe advancement ofthe science of genomics; the understanding of 


tinguished senior scientists with rigorous res 
‘io Energy and for Department Head of infectious Disease 


JOM is one of the 
‘expertise and mulidiscplinary nature of research, sient 
thorcwericThe osha 
fue ces, and bacterial nanowves The 
Bo Energy and are avaiable to contribute tothe growing 8 
institute, comprising sequencing functional genom 


The Department Heach will port tothe Execiive Vice President for 
Research and willbe expected to: 


Program Isa growing atea of investigation atthe} 


y, the pubic. and the policy makers ICV! Is seeking two 


Son experience, and energy to fill penings for Department Head of 


gest independent research ‘stitutes in the United States with more than SO employees. Given our breadth of scentiic 
zed in broad research teams that most cosely match the core nature of 
tute, wth ongoing 
is and Plant Genomics groups within XCVI are working on active components related 10 
egy program. The Infectious Disease Progam isa vibrant area of investigation at the 
nd proteomics activites across a broad range of microbial pathogenic agents with much of the 


hin biohydrogen, cellulosic ethanol microbial 


‘working environment and a competitive benefits package Interested applicants should submit thei CV and cover 


hintaests to the ICV Carter Center at war Jeviorg Jobe 


Tenure-track Faculty Position 


The Department of Pharmacology and Bowles Center for Alcohol Studies at 
the Universty of North Carolia at Chapel Hil invites appicaion fora 
{tenure-track faculty positon. The faculty rank wil be daterminad atte te of 
thre based on applicant quaifcatons. We seek candidates wih research 
Interests in neuropharmacology and alcohol studies. 


Quaifications include a doctoral degree and a strong record or promise of 
scholarly achievement and extramural funding. Prefernce wit be given to 
applicants whose expertise fs in alcohol studies. Salary is competiive and 
Commensurate with expenence. An excellent start-up package accompanies 
this positon, The Department of Pharmacology and Center for Alcchol 
‘Studies provide an unusual rich opportunity for collegial interacton, research 
‘and graduate and post-graduate research taining within he UNC School of 
Medicine, 


‘Applications are encouraged from professionals of al ethnic backgrounds. 
Candidates should submit a curriculum vite, a statoment of curent and 
{uture research plans, selected recent pubtcations and three letters of 
reference to: 


Chair of the Neuropharmacology Search Commitee 
Atin: Amy Mansfeld 
Bowles Center for Acabol Studes, CB#7178 
‘The University of North Caroina at Chapel Hit 
‘School of Medicine 
Chapel Hil, NC 27509-7178 


Application deadine: Open unt filed 


‘The University of Norh Cardina at Chapel Hilis an 
Equal Opporunty/ADA Employer. 


Faculty Positions 
N M Institute of Applied Biosciences 
RWWA New Mexico State University invites appications for 
rescarch-intensive faculty positions AT ANY RANK, to be 
fseciated with the newly established Insite of Appl 
Biosciences. Ideal candidates should demonstrate & Wil 
sngnes to partpate in multdeipinay research proposal developmen 
Applicants are sought fram two focus area: synthetic biology, oF emerging 
infectious dneases We eopecially encourage applications from indivi with 
{expertise in: pathogeness and vector, quantitative modeling metabolomx, 
proteomics, and protein engineering 
Succesfal candidates will have formal appointments in the Institute, with 
{cour or tere tracks avaable sone or mone ofthe participating departments 
telonging 1 the colleges of Ans and Scicnees, Agriculture. Engincering. of 
Health and Social Services. The candidates will also be expected to teach one 
course annually and vo participate im other scholarly and service activities 
line with NMSU"s mission and goals Opportunites are valabe vo participate 
in graduate training programs sponsored by NIH and underpraduate traning 
‘Programs sponsored by NIH, NSF, andthe Howard Hhighes Medial Insite 
Core facilis includ the Molecular Analysis Core Laboratory, the Electron 
Microscopy Laboratory, and a newly completed BSL-3 facility 
In addition, NMISU collaborates with othr leading rescarch facilities, in par= 
ticular the Los Alamos National Laborato, Teas Tech Medical School, and 
the Fred Hutchinson Cancer Rescarch Cenice. site faclly members are 
‘encouraged to develop strong collaborative relationships with these and thee 
farners Applicants should have a Ph.D. in an appropriate eld and have a 
Strong record of research productivity and rescarch funding apprepriate to rank, 
They should alo havea commitment meworing underpraduate and grate 
stots 3a institaton ith a diverse stent body. 
Additional information on the position can be found at http:// 
‘research nmsu.edutabl, Send curiclum vitae, satements of racarch snd 
{caching plilosophics, 3 relevant reprints and contact information for thre 
references in single PDF file to labsearshiaresearch.amsedu, Screening 
‘of applicants will begin September ISth, 2007, and continue ull the poe 
ont are filled 


NMSU is an EEO/AA Employer 
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Kumamoto University 
Open Recruitment of Young Researchers (I* Stage) 


1, Open Recruitment of Researchers (1 stage) 
Special project researchers (all given the title of “specially appointed assistant 
professor") 

A maximum of 10 researchers 


(1) Academie degree, ete,: Young researchers who have obtained a PRD degree 
‘within approximately the past 10 years (as of April 1, 2008) 
(2) Achievementsability: Has outstanding research capabilities and/or research 
achievements in one of the specialty areas outlined in number 3. 

3. Arrival 

‘As soon as possible between October 2007 and February 2008 

Period of Employment 

‘Those hired in stage 1 will be employed through March 2012 

(Contracts will be for one year each and will be renewed once a year through March 


.er advancement evaluations and after the end 
is possible for one to be promoted to the position 
the Leading Graduate School System. A total of 
approximately 8 people from stages I and 2 will be chosen for these positions.) 
Application Deadtine 
Applications must reach the university by no later that 
6, Inquiries 

‘Any inquiries should be made by e-mail to the Research Cooperation Section (person 

in charge of research strategy) of Kumamoto University at the e-mail address 

written below. 

k-senryaku@jimu.kumamoto-uacjp 

http:/sendou.kuma-u.jp/ 

Please be sure to allow enough time bet 

to be made to you 


;ptember 7, 2007 (Friday). 


we the application deadline for a response 


Urology, TenureTrack, non-clinical 
The Department of Surgery at the University of 
Pennsylvania's School of Medicine socks can- 
ddidates for an Assistant, Associate, and/or Full 
Professor position in the tenure track. Rank will 
bbe commensurate with experience. The success 
ful applicant will have experience in the field of 
‘smooth muscle physiology/pharmacology and 
cell/molecular biology or neurourology. Respon 
sibilities include targeted research in urothelial 
biology, smooth muscle physiology, interstitial 
«ystitisand tissue and cellengincenng to correct 
urologic disondcs, aswell as teaching of medical 
students and residents doing research rotations 
in the Urology laboratories. Applicants, must 
hhave an M.D and or Ph.D or equivalent degree, 


This position, which will be based in 
Division of Urology, will include teaching 


and research dutics only, wth no patient care 
responsibilities. The successful candidate will 
hhave demonstrated potential for establishing 
4 Vigorous independent research program in 
the cellularimolecular basis of diseases and a 
willingness to spend $0% or more effort in the 
study of urologic diseases. He or she will also 
hhavea tack record of obtaining research grants 
The effective date of appointment will be Janu 
ay 1, 2008, Please submit curriculum ¥ 
‘cover letter, and references to: Alan J. 
MD Chief, Division of Urology, co Peter 
Atherton, Univ. of Pennsylvania Sch, of Med, 
3400 Spruce St. 4029 Maloney, Philadelphia, 
PA 19104-4283; athertopiuphs.upenn.edu, 
The University of Pennsylvania is an Equal 
Opportunity, Affirmative Action Employer: 
omen and minority candidates are stromal 
encouraged to apple: 


4. Craig Venter 


‘Slt. Plant Genomics 
Sele nfectious Disease 
‘Scientist Microbial &Ervrormental Genomics 


J, Craig Vente Institute (ICV a not-for profit research insthute 
ra restive, self reant cient 
inclides state-of. the at facies for DNA sequencing and anal 
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* Search Jobs 


From physics 
to nutrition 


6 For careers in science, turn to Science 
www.ScienceCareers.org 


* Career Forum 


Garo Sarena le yea © CareerAdvice  * Graduate 
‘fubicaton anda dem Programs 

+ Kvtoersan xtent working nvtonment and compte * JobAlerts 

tenets pchage Ire apps shear he CV aod 

‘Sverketerouining each tre tthe XCar Cote a * Resume/CV All features FREE 
aos Database to job seekers. 


From life on Mars 
A 


to life sciences 


For careers in science, 
turn to Science 


If you want your career to skyrocket, visit Science 
Careers. We know science. We are committed to 
helping you find the right job, and to delivering the 
useful advice you need. Our knowledge is firmly 
founded on the expertise of Science, the premier 
scientific journal, and the long experience of AAAS 
in advancing science around the world. Science 
Careers is the natural selection. 


www.ScienceCareers.org 


Features include: 


* Thousands of job postings 
© Career advice 

* Grant information 

© Resume/CV Database 

* Career Forum 


Science Careers 


From the journal Science 
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ARIZONA STATE 
UNIVERSITY 


The Ir A. Fulton School of Enginceting at An 
‘ona State University (ASU) invites applications 
for the position of DEPARTMENT CHAIR/ 
PROFESSOR for the Hacrington Department of 
Bioengineering, ane of nine cogincering dois with 
tics to feadling rescarch conters bral arts and 
fence units at ASU, and cial and extemal organi 
‘ations. Deadline: September 30,2007; irnoe filed, 
then the 15th and 30th of each month thereafter 
una search is dosed, For qualifications and appli 
sation infomation, ek to R940 at web: 
://www Fulton ast.cd fulton /departments 
eee ee 


Oppormity Employer: 


The Biology Deparment at Loyola Colle i 
offering a tenure-tatk ASSISTANT PROFESSOR 
postion to begin in the fall of 2008. Applicant 
ihe waned asa PLANT BIOLOGIST ‘with 

the following are plant 

blurb 1 physiology, plant taxonomy 
‘or spatematie or natu history” plans, The 
Stccesil caniate will cach Tnerxuctory and 
J courses in. biology, be engaged in 

reach involving undergraduate student, pri 
pate in departmental and collgewie sere, and 
Will recive guidance and mentoring frm members 
fof the Department. The siccemfil apicant wil be 
fxpected fo teach a the inmetactoy kvl (6 
celta molecular biology, organiamal tology, 
sity), and 

area of 


expe 


‘Loyola College ts a sckeaive fiberal arts, Jesuit 
Catholic institution that welsomes applicants from 
ail backgrounds who an contribute to its educa 
tional masion. For more information about Loyol 
pplase review our website: hitp://www Joyol.edu/ 
It website: herp: lacd blo 

ppt ee ang lon at ween 
huegp:// ow loyolased /ea 


‘more information 
please contact Monika Matthews, Administrative 
Assistant to the Biology Department or Dr. 
Donald Keefer (e malt dhecer@loyolaedu)y Chale 
of the Search Committee, Applications receh 
‘October 1, 2007, will receive fill consideratio 

‘Lapola College tan ual Opportunity Employer, seching 
slisnes fom wnlemepreened roms 


CORNELIA de LANGE SYNDROME (CALS) 
‘FOUNDATION 

Call for Postdoctoral Fellowship Applications 

The Comeia de Lange (CLS) Foundation an 
notnces a Posdoctord Fellowship to support bask 
‘or clinical research om CALLS to start Ju 1, 2008 
CalSis caused by genctic anges afkting SIPBL, 
SMC or SMC} pri ile in er ch 
mid cohesion, gene expression, and DNA repair 

Th Fllowip pov $60,600 per year fo wo 
year 10 cover slaty benefit for a young. Invesigs 
tor who hokls a Ph.D. or M.D. and who docs nox 
hold a tenurerack acuky positon, Topics ranging 
ffom molecular functions of the ser chromand 
cohesion appaacisin model organisms vo diagnostic 
valuation and therapeutic management wil be 
considered. ‘The Fellow will present hb/her work 
Sr the Foun nana meting 

‘OF eu Mens, eW 
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ASSISTANT/ASSOCIATE PROFESSORS 
Bacterial Viral Pathogenesis 
[As part of an ongoing recruitment 
faculty and expand research efforts, the Department 
‘of Microbiology and Immunology at the University 
# Arkansas for Medical Sciences (AMS) invites 
applications from qualied individuals (Ph.D., or 
‘cyuivalent) for two tenure-track postions 
‘ants with espertc in bacteral or viel pathogenesis 
are specially preferred. The successful applicants 
Will be capected to develop or expund an active cx 
‘wamurally funded rescarch program, to teach in 
courses for professional (M.D.) and graduate su 
‘ents, and co parvcipate in routine academe service 
duties Competitive startup packages and bborato- 
zy space will be provided to successful candidates 
Wiidates secking appointment as ASSOCIATE 
PROFESSOR muse have current extramural fund: 
ing and experience commensurate with rank. Add 
tional information about UAMS and the Department 
‘of Microbiology and Immunology can be found at 
‘website: hetp://www.vams.edu/mbim. Appl 
‘ants should submit curriculum vita, statement 


‘esearch interests and goals, and the names and con 
{txt information foe three rferencss tor Faculty Search 
‘Committee, Department of Microbiology and 
Immunology, University of Arkansas for Medical 
Sciences, 4301 W. Markham, Mail Slot $11, Lit 

ent 


te Rock, AR 72205, Applications can 
by emaik microapp@uamsadu, Review of 
tions will begin 


IMMUNOLOGY FACULTY POSITION 
University of Miami Miller School of Medicine 
The Department of Microbiology and Immunol 
‘ogy invites applications for a tenure-track/’ tenured 
Faculty postion at the ASSISTANT/ASSOCIATE/ 
FULL PROFESSOR evel with rescarch interests 


Immunology, particularly in the area of mucosil 
immunity, Opportunity exists to develop a strong. 
research program and interact with ongoing. pro 
‘grams in allergy, autoimmunity, infectious discascs, 
“ancer immunotherapy, aging and development, and 
{transplantation immunology. Applicants must have 3 
Ph.D., M.D., of equivalent degree, at east three ¥ 

five years of poxtdoctoral taining, 3 commitment & 
ceaablnh/mantiin an externally funded! independent 
‘owcarch program and an interest to participate in the 
Department's teaching efforts, Applicants who wish 
to be considered at the Associate, Full Professor kv 

al should have an established funded research pro 

‘gram, A highly competitive startup package including 
‘esearch funds and ‘salary support wil be provided 
Interested applicants should send (1) their cur 

‘iculum tae, (2) a statement desenbing research 
accomplishments and their furure research goals, 
together with relevant reprints, and (3) the names/ 
Contact information of thrce references prcteraby by 
mall ro: Immunology Search Committee, ¢/0 
Ms. Michelle Perez, Department of Microbiology: 
and Imi .' University of Miami Miller 
‘School of Medicine, P.O. Box 016960 (R138), 
Miami, FL 33101. E-mail: miperez@miami.edu, 
The Uiniveny of Misi ian Kua Opportnty Afi 
tive Acton Employer. 


Indiana University, Bloomington and Department 
of Psychological and. Brain Sciences secks an 
‘outstanding faculty to lead and serve as the new 
DIRECTOR for the Imaging Rewarch Facility 
(website: http:/ /www.indiana.edu/-i 
S"Too potent Maca tary located wtbin ae 
Department of Paychological and. Brain Sciences. A 
full postion description i available at website: 
hep: indiana.edu/-paych. Applications will 
reviewed as they are recened and will continue until 
the postion is fled. A'PhLD. in a relevant field is 
required. Indios Uneveaty & 2 Affirmative Action Em 
ployer Appleton: from women and monty candidates re 
ncnaged 


Your 

career 
is our 
cause. 
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decisions in the Science Career Features, 


t _ UPCOMING FEATURES: 
 August31— Postdoc Survey 
September 14—Faculty Positions 


Also available online at www.sciencecareers.org/businessfeatures 


mages Corporation 


A Career 
in science 
is more 
than just 
science. 
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From the journal Science 


Tenure-Track/Tenured 
Physician-Scientist 
Faculty Member 
University Of California, San Diego 
Rady Children’s Hospital, San Diego 
The University Of California, San Diego and 

Rady Children’s Hospital, San Dicgo 
has an opening for one tenure-track tenured 
scientist faculty member in the 

of Neonatology at the Assistant 
Associate Professor level. Candidate must 
be Board Certified Eligible in Pediatrics 
and Neonatology. Candidate must have 
demonstrated outstanding potential for 
rescarch and potential for aoquiring funding 


physic 
Divisi 


for development of an 


nmensurate with University of 

California policy. Applications received by 

November 30, 2007 will be assured of full 

‘consideration. 

Please forward a letter of intent, CV and 
ies and addresses including e-mail con- 
‘of 3 references to: 


ty of Californ 
9800 Gilman Dr. 
La Jolla, CA. 92093-0672 
saspector'@ uesd.cdu 
UCSD is am AA/EOE with a strom 
institutional commitment of excellence 
through diversity 


Alexander von Humboldt 
Stiftung/ Foundation 


Sofja Kovalevskaja Award 
Support for Outstanding Junior Scholars to 
Comuct Innovenive Research in Germany 


The Sofja Kovalevska 
highly acclaimed sch 
from all countries and disciplines, Applicants 

a doctoral degree with 


Award is open to 
lars and scientists 


der von Humboldt Foundation 
welcomes applications from qui 
junior researchers 


Funding enables winners to conduct indepe 
deat research, to finance a research tea 

a German unive 

of their choice, and to cover living © 

in Germany. Application deadl 

4.2008 


Applications and details available at: 
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POSITIONS OPEN 


ASSISTANT PROFESSOR, 
University of California, Santa Cruz 
Molecular, Cell, and Developmental Biology 

We seck candidates for a tenure-track faculty posi 
tion whose research centers on Fundamental prob 
lems involving the biological roles of RNA. The 
position will abo be assoaated with the Center fi 
Molecular Biology of RNA (website: herp://ma. 
ucsc.edu/enacenter/) in Sinsheimer Laboratories 
‘The successtul candidate will be expected to estab 
lish a vigorous, extemally funded research program, 
contribute to the intellectual vitality of the Molec 


tar, Cell, and Developmental Biology Department 
(website: http: //ww vucse.edn/ mcd, 

and teach at both the te ist 
levels, Salary: commensurate with qualification 


and experience. Minimum qualifications: Ph.D. or 
‘equivalent, postdoctoral research experience, and 
Memonstrated potential for university teaching. 
Position available: fll 2008. "To apply: See full 
dletails at website: http: //www2.ucsc.cdu/abe. 
‘Closing date: The postion will remain open unt 
fied. Screening wi begin October 18, 3007. To 
‘ensure fall consideration, applications must arrive by 


the inital screening date. Please refer to position 
841-08, 

The University of Califo Arn save 
Asin Equal Employ smmaned 


tw exellowe oh senity. We sive tetas «cima 
that wees, alates, and romtes rape for the con 
tribution fal stents ad employes 


LABORATORY MANAGER (Job Number 38464) 
Laser Ablation-Inductively Coupled Plasina Mass 
Spectrometry Arizona LaserChron Center 

The University of Arizona secks a highly moti 
vated scientist t0 serve as Manager of the Anzona 
LaserChron Center, which is a. multiuser faiity 
that focuses on U-Th:Pb geochronology by. laser 
ablation-multicollector inductively coupled. plasma 
mass spectrometry (I onsiblities would 
include; (1) directing instalation of a new multi- 
collector CDMS and Excimer her, (2) developing 
ew analytical techniques and applications using an 

isting mukicollector TCPMS {GV {soprobe) and 
Excimer laser (DUV193), (3) performing minor 
maintenance and overseiig major repairs of these 
instruments, (4) supervising visits of research sien: 
ss nd (8) sonic eee tlhe 
position is full-time and. permanent. Applicants 
{howl have an MIS. or PD. in eat scence ot 
chemistry, and have demonstrated experience. with 
ICPMS instrumentation. Applications wil be reviewed 
beginning 15 August 2007, and will continue unl dhe 
ppenition filled Applications should be submitted at 
‘website: https://www.uacareertrack.com for job 
hhumiber 38464, For additional information, please 
the Arizona LaserChron Center website: hep:// 
www.geo.arizonaeds/ale and contact George 
Gehrds (e-mail: gachrels@e-maiLarizona.edu) 
Joaquin Ruiz (email: jeuiz@e-mailariconadu). 
The Line of Aco a a penn, Afar 
Aeon Orson 


POSTDOCTORAL POSITION. This Labors: 
tory is interested in hiring a Postdoctoral Fellow 
‘with a deep interest in all levels of protein Function 
structure, dynamics, ground and transition-state 
structure’ and. cnergeties, ligand-binding, allostery, 
the conformational coupling of encrgetics, and the 
higher-order organization of catalysis in the cell. Our 
projects, many of which are structurally grounded, 
Inehide humerous enzymes that ate loosely centered 
round biomedically relevant issues in sulle metab 
lism and isoprencid biosynthesis, Please send or 
‘e-mail your reaume and thee leters of recommen: 
{dation to: Professor Thomas S, Leyh, Department 
of Biochemistry, The Albert Einstein College of 
Medicine, Jack and Peart Resnick Campus, 1300 
Morris Park Avenue, Bronx, NY 10461 (¢-mail: 
Jeyh@accom.yusedu). [put! Opportunity Employer 


852 
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FACULTY POSITIONS in MEDICINAL and 
‘NATURAL PRODUCTS CHEMISTRY 
‘College of Pharmacy 

The Division of Medicinal and Natural Proiacs 
Chemistry (MNPC) invites outstanding candates 
for tenure-track ASSISTANT /ASSOCIATE PRO- 
FESSOR postions. Applicants must have 3 Ph.D. in 
mRedicral Chembur, Flarmaccogy, chewy, Wor 
Chemiony, waloag) oF bide scienocs al el 
{am peseiocrd cpericnce, Ts new postion Oss 
2 eomperitve salrep package and salty with expec 
‘ation of esablihing aa iicpendeat rscarch pro 
igam and tcching Bs the gribome and profesional 
Programs, Applicants with research interests in med: 
Gnat ‘chemistry, reccproe pharmacology, cherial 
biology, engmology,stncturl biology, raucalogy, 
cancer rescach, pharmaccutial biotechnology, or 
biocatahais ae encouraged to apply Information 
aftr MND nay he mac wee p/w 
Piesnes choad! sabe cutteoked inn; « esoche 
Sescrption of thei proposed mscarch, and a let of 
three references by October 1, 2007, to: Professor 
Kevin G. Rice, Chair, Search Committee, Div 
sion of Medicinal and Natural Products Chemis: 
try, College of Pharmacy, 118 5. Grand Avenue, 
University of Towa, Iowa City, 1A 82242 (emul 
evireicobulows.cla). The Uniesy of laa 6 on 
Liga Oppertnty, ‘Afinssre Acie Empey, Were 
Peay pe Ee coe 


WATERSHED SCIENTIST 

The Patrick Centce for Environmental Rescarch 
at the Academy of Natural Sciences invites appli: 
ations for a carcer-track research ponition. Ap 
pilicanes should have a background tn. hydrology, 
Bion stems engineering, restoration and landscape 
ecology, oF related ficd, and have research exper 
fence i one OF more of the following areas: water 
‘hed hyurulogy; watershed influences on water quality 
onpoint source pollution control and modcling: 


fiparian zone processes; and/or application of geo: 
[Rniphic information system and Femiote sensing in 
‘hatural resource management. For position de 


tail, iit website: http:/ /www.ansp.org/about/ 
‘employment.php#933. 

Send curriculum vitae, statement of rescarch in- 
terest and representative publications, along with 
names, addrescs, telephone numbers, anal e-mail ad 
dresses of four feferences to: Watershed Scientist 
Search #933, c/o Maria Eife, Office 4 
Patrick Center for Environmental Research, 
‘Academy of Natural Sciences, 1900 Ben Franklin 
Parkway, Philadelphia, PA 19103. E-mail: eife@ 
ansp.org, An Epa Oppority Employer 


EVOLUTIONARY /ECOLOGICAL 
‘GENOMICS 

“The Deparment of Ecology and Evolution and 
the lnstite of Genonse and Systems Biology are 
joist, acting to Ele calty postion wah as 
[eavdtoal applying Luge-seale ets approaches 
qusstons i cooley of cecadons ‘The sxcostal 
‘Ehlate will addres scien problems or bolo 
fed stems with potent to be applied, Rank 
‘Open, with a preference for candidacy atthe level of 
ASSISTANT or ASSOCIATE PROFESSOR. In- 
terested applicants shonld subnit carsiculam vise, 
Selecied reprins and. prepeints statements of fe? 
Search and teaching intersts, and the names and 
dress of tuce scfescaces to webeli: betpe// 
eoonieeguecd chicagnek:, Appice Ll 
rare pce E ate, bor ape 
‘bons should be reeewed before 15 October 2007, 0 
‘sure full consideration, The Unites of Cage & an 
Afimatie Acton ad Opps Employ. 
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POSITIONS OPEN 
GENETICS and PHYSIOLOGY POSITIONS. 
The Department of Biology at Creighton Uni- 
versity invites. applications tor two. tenure-trac 
ASSISTANT PROFESSORSHIPS in (1) genct 
fea (2) psy to bein Aust 2008 Cats 
‘Should be quahited to teach genctics with laboratory 
‘or physiology with laboratory and a semester course 
in gencral biology (celular oF organismal level), in 
Advon to other biology councs in their respective 
‘isciplines for introductory, upperdivsion and/or 
romscience undergraduates. PhD. required, post- 
doctoral experience preferred. Candidates. should 
posses a strong desire to teach ina liberal arts en 
Fonmcnt. Candidates shoukt have a research program 
any arca within the discipline, amenable to the 
mentoring of undergraduate rescarch students, Grad: 
tate student mentoring is possible through afliated 
‘programs. Normal teaching load is thre preparations 
per semester (for example, two lecture courses, one 
trith laboratory). Tenure and advancement require 
‘hcellent teaching. and development of sustainable 
esearch program leading to peer-reviewed publica 
tions. Opportunitics exist for research collaboration 
with faculty in other departments, including those in 
-reighton’s health sciences schools. Additional infor 
mation on these postions, the Department and the 
University 6 avalable at website: hetp:/ /biology. 
<ereighton.edu/jobs/. To apply, send (1) curt 
Jum vitae; (2) satements of teaching philosophy, 
rescarch interests and skills, and long-term goals, 
(3) documentation (if available) of teaching effec 
tiveness (4) undergraduate and graduate transcripts 
and (5) three letters of reference to: Department 
‘of Biology, Creighton University, Omaha, NE 
(68178-0103, Attention Dr. Charles Brockhouse 
(Chair, Genetics Search Committee), or Dr. John 
Schalles (Chair, Physiology Search Committee 
Application review val begin October 1, 2007, and 
‘continue until the positions are filed, Cin i 
{Cato Je inition tht ks qui ppl f ll 
tao ci they can comune the Cres 
cuotandingebuainal maditons. We are an qual Oppo 
nity Employer’ Aimative Action Employer, Women and 
tminonty canbe are only enced apply 


POSTDOCTORAL POSITIONS 
in Urologic Research 
idy molecular an 


‘ Haller des and di 
tsa engineering, and stem cl reacarch, ur tate 
fthear Laborer plone cl wooga 
fae bake, taional and clink rsarch 
approaches as 
om with mses 
Ioleula cellar cross. and proteome tech 
tilogks. For canduates with a PhD, degre, the 
Pontos prone sro opportunity 1 work with 
Srlogias in cinksl department anal have direct 
Scceu to sug ecient tay diane proce 
and development of diagnostic and prognosie 
marker. Duc to nationwide growth it uolog 
research, those tained in out Program wil have 
tremendous opportunities to become independent 
investigators avery reawnable time Tame, We 
invite highly motivated individuals with knowledge 
Sin! rescanh capenence in general molecu ad cl 
ifology,or animal research to contac us. Saris are 
competitive and commensurate with experience 
Sibi your curiclum vitae ad inguirke to 
H.K Lin, Ph.D, Uroo 
University of Oklahoma Health Scences Center 
920 Stanton 1. Young Boulevard, WP 3150 
‘Oklahoma City, OK 73108 
‘Telephone: 405-271-6966, extension 46193, 
Yau 405-271 3118 
E-mail: Helin@oubscedu 
tahoe Unity Heath See Cover so Egat 
Opp Epler 
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Felelareasymposium 


wig UNIVERSITY OF 


#” CAMBRIDGE 19th-21st September 2007 
Cambridge, UK 


MP 


UN 


Keynote speakers 

Linda Buck, Antonio Damasio, Tom Jessell 
Plenary speakers 

Adriano Aguzzi, Earl Miller, Josh Sanes, 
Mike Shadlen, Daniel Weinberger 


CAMBRIDGE 
NEUROSCIENCE 


To register visit www.neuroscience.cam.ac.uk 


Sessions in developmental, cellular & molecular, systems & computational, 
cognitive & behavioural and clinica 


& veterinary neuroscience 


CONFERENCE 


ILMAC’ 


From neste tach ot Dope, 


primates to 
proteomics 


For careers in science, turn to Science 
www.ScienceCareers.org 


© Search Jobs * Career Forum 
* CareerAdvice * Graduate 
Programs 
* Job Alerts 
. Resume/CV All features FREE Please refer to Imac.ch for further details 
atabase i : about the exhibition and accompanying events. 
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POSITIONS OPEN 


FEINBERG SCHOOL of MEDICINE 
Department of Medicine 
Division of Hematology/Oncology 
The Division of Hematology/Oncology of North 
western University’s Feinberg School of Medicine, 
is sccking accomplished investigators for full-uime, 
track positions in basic or translational re 
scarch, The Division consists ofa culty of over 35, 
jwww.medicine northwestern, 
all mem: 
bers of the NCI-Designated Robert H. Lurie Com 
prchensive Cancer Center (website: http://www. 
hurie.northwestern.edu). Candidates in the fckls 
tie ee 
biology, cancer genetics, and prot. 
encouraged 
Candidates. should have an M.D. 
M.D/Ph.D, degrve and an established publi 
record, Faculty rink and sllary are negotiable based 
upon experience, The proposed start slate & spring. 
2008. Interested candidates should submit curricu 
dun vitae by Oct 5. 2007, to: 
Jonathan D. Licht, M.D. 


Chief, Division of Hematology /Oncology 
‘Northwestern University Feinberg 
‘School of Medicine 
Lurie 5-123 
303 East Chicago Avenue 


‘Chicago, TL-60611 
E-mail: hemonc@northwestern.cdy 
The Keinere Schoo of Medinet an Afomstive A 
gual Oppirtty Employer Women and insite ee 
‘auimg © apply. Hing po egy to work 
fn the United States 


MICROSCOPIST POSTDOCTORAL o 
ENIOR RESEARCH TECHNICIAN, 
POSITION 
University of Georgia Complex Carbohydrate 
Research Center 
A positon is open at cither the Postdoctoral or 
Senior Rescarch Technician evel to work on the im 
mmunolocalzation of carbohydrate structures in the 
al walle of agronomy’ important crop plants 
Using an extensive library of monocltal antibod: 
Demonstrated experience with ight (visible ant 
foresee) and eecron (tansmision elton mito 
pean scanning elect 
is required experince with Tas 
copy is desirable. All interested applicants should 
forwant curriculum vitae an lit of three 
to Michael Hahn, University of Georgia, Com- 
plex Carbohydrate Research Center, 315 Riverbend 
Reoad, Athens, GA 30602-4712; email: hah ere. 
snuedsfaxe 706-642-4412. Review of applications 
Sl begin September 15, 2607, and will continue 
i filed, An Afimatve Aon Epa 


‘TENURE-TRACK FACULTY POSITIONS 
at Ben-Gurion University 
The Life Sciences Deparment (websie: hep: // 
sewn bpssacsl/llt) ives applications Kom 
Se scehccs fee ehorertack peskions 
al bidlogy (2) 
Ben-Gurion 
University (BGU) provides. a dynamic research 
cavironment with af emphasis on interdscipinay 
research, We offée new laboratory space with 
modem equipesent and sartup funding’ Teaching 
ability in Hebrew i required. Sead applicatoas, 
orrcubia vine, publications, research interes, and 
the tates of tote rcferenes tor Profesor elke 
‘Abeumaly, Chala, 1 of Life Sciences, 
Ben-Gurion Universiy, P-O.B. 653, Beer Show 
84105, Isracl, Telephone: 972-8-6461373/6, 
fax: 972-8-6472992. E-mail; 2ika@ gu ac 
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(QUANTITATIVE/ THEORETICAL ECOLOGIST 
The Deparment of Exology and Evoltion 
scching tolls fculy poston with an iia 
working ae the foreace of thcory and daa in 
Scology. Rank ir open, with a. prekrence for 
ASSISTANT or ASSOCIATE: FROFESSOR. 
Tnrcreedapplcans should sabeie coriolis 
‘icy secelepincs and prepay sorcets of 
Tercrch snd teat incre and Ue names sod 
cess of tree rtbrcoccs to webster agen d/- 
Supmepsbanbcappaie boos of tise 
Se Sea hese 
will be aceped ane the poston ie bu 
Spinone shouldbe rece hefore 15 Sprembcr 
3007, to ensure fll consdration. The Usa of 
Chaar Afar Algal Cpr Epo 


POSTDOCTORAL ASSOCIATE/RESEARCH 
ASSOCIATE/ASSISTANT RESEARCH PRO: 
FESSOR POSITIONS are sailable immediately at 
Rutgers University to investigate opioid receptor 
merization in immune eclls and its impact on NK 
‘cll functions and to study the molecular mecha 
jams goveming the circadian control of ‘ncuro- 
tendocrine functions in fetal akohol exposed ats, 
‘dimerieation study 
‘ime RT-PCR, imine 
surgery. Rutgers New 
in 3 suburban area 


‘cytolytic activity assay oF 
rhocytochemistry and rode 
Brunswick Campus is locat 


central New Jency with convenicnt access to New 
York City. Plase send curiculum vitae and the 


thece references to Dr. Dipak K. Sarkar at 


POSTDOCTORAL POSITION ayailab 
focused on the role of small guanosine tniphosate 
(GTPases i the transformation of polarized epith 
lis. Special emphasis is placed on character 
novel signahng pathways which regulate the activa 
tion state of Rho ann Arf family GI Pases, a8 well as 
how these pathways are subverted in cancer. The 
ideal candidate will be well trained in molecular bi 
‘ology’ and mammakan cell culture techniques, For 
further inguities or to submit an electronic appli 
cation (statement of research interests, curriah 
Sitae, and namics of three references) please contact 
De. ‘Steen H. Hansen (e-mail: steen.hansen@ 
childrens.harvard.edu), Gastrointestinal Cell Bi 
‘ology, Children's Hospital, Boston, MA 02115. 


POSTDOCTORAL FELLOW POSITION 
University of Alabama at Birmingham, to. study 
molecular mechanisms of proteinuria and kidney 
disease (J. Rial. Chem. 281: 39681-39692, 2006, 
J. Clin. Investig. 112:209-221, 2008). PhD. a 
‘wo years of experience in molcoular biology ti 
niques a must. Experience in kidney fick! not re 
‘quired. E-mail curnicilum vitae and summary of 
research experience to Sumant §. Chugh, M.D. at 
‘email: aamoore@ uab.cdu. 


POSTDOCTORAL POSITION, Philips Lab- 
oratory, New York University. Ras regulation of T 
‘ells (Nature Cell Biolagy 9:713, 2007). M.D. and/ 
for Ph.D. degree with strong background in molec: 
tar and cellular biology and immunology (trans 
‘genic mice and live cell imaging). Salary: Ph.D. 
$38,000; credentialed M.D. $58,000 with weekly 
arthritis clinic. Send curriculum site and three ref 
‘erences to e-mail: philimO l@nyuedu. 
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POSITIONS OPEN. 


Stop searching 
for a job; 
start your career. 


wwwScienceCareers.org 


We deliver 
customized 
job alerts. 


Science Careers 


www.ScienceCareers.org 


MARKETPLACE 


‘Ut DNA Papen © PH DNA Paprrm T4 
et OA tn DEP an 


Oligo Synthesis Columns 


Columns For All Synthesizers 


“Standard and Specialty CPGs_ 
TEBulk Column Pricing Available 


BIOSEARCH — +1,800,GENOME1 


Usrot#5426,147 email a 


Call Ab Peptides +800 
For 314s960+0988 _wrwrmabpeps.com 


www sciencecareers.org 


ISI WEB OF KNOWLEDG 


The New Face of Research 


“Perfect...you 
did exactly 
what | would 
have hoped” 


“This one just 
feels right.” 


“L really like 
the layout. It’s 
very simple.” 


...IS responsive 


You told us what you needed, and mid 
2007, /Si Web of Knowledge delivers. 


See how the new /S/ Web of Knowledge was 


built, and what people have to say about it 
at isiwebofknowledge.com/newface. 


Take the next step 7) 
isiwebofknowledge.com 


R&D Systems Flow Cytometry Reagents 


Superior multiparameter analysis of your cell populations. 


RAD Systems offers 
awide variety of 


flow cytometry- Superior Performance 
related products: 2 


CxCRALAPC 


Fluorokine® Receptor 
Detection Kits 


Chemokines, to 
kines, Growth Factors Cell Surface, 
Gmiek Feats or Intracellitfar Staining 


Stem Cell 
& Lineage Markers 


ity rat_anti 


Signal Transduction ‘ABS54P) and 


Molecules 4 antibody (Catalog 
‘Adhesion Molecules 


Proteases 
other Enzymes 


Secondary Develop 
‘ment Reagents 


Isotype Controls 
Labeled & Unlabeled 


Natural or 
Recombinant Proteins 


used as Immunogens y 10 
Phospho-EGF R (¥B45) 


f A431 cells using anti-EGF R 


For a complete listing of flow cytometry-related products visit our website 
at www.RnDSystems.com/go/FlowCytometry 


Forres only Not oun agnor poceres 


Selection expanding weekly—visit www.RnDSystems.com 
to sign up for weekly new product updates. 


